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ABSTRACT 


Control of the mammalian immune system is accomplished, to a 
large extent, by control of imnunocyte proliferation. The stimulation 
of murine thymocytes by Concanavalin A ( Con A ) is a simple model of 
immune system proliferation and thus is a good model for the study of 
proliferation control. Before proliferation control can be studied, 
the kinetic parameters of proliferation of the Con A stimulated 
thymocyte population must be established. The absolute rate of 
thymocyte DNA synthesis as a result of Con A stimulation was measured 
as picomoles of thymidine incorporated per hour per 10° cells. The 
time course of thymocyte stimulation by optimal concentrations of 
Con A was established. Variations in the time course of stimulation 
as a result of variation in Con A or thymocyte concentration were 
studied. 

It was important to establish whether the thymocyte DNA 
synthesis induced by Con A involved the passage of thymocytes 
through more than one S-phase. A technique of cell cycle analysis 
involving incorporation of *H-thymidine and 5-bromo-2'-deoxyuridine 
( BrUdR ) into thymocyte DNA was developed. The controls for this 
technique indicated that thymocyte metabolism was not affected by 
incorporation of these thymidine analogues. The technique established 
that thymocytes do pass through at least: two S-phases during Con A 
Stimulation, with a growth fraction of 0.67. The mean cell cycling 
time was found to be 12.5 hours. Heterogeneity of thymocyte cycling 
time was observed. This suggested that thymocyte cycling time is not 


inherited but is based on a random selection of a limited range of 
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cycling times. Cell cycle analysis also established that thymocytes, 
once stimulated by Con A, are capable of initiating a response and 
continuing to cycle after Con A has been removed from culture. 

The BrUdR technique of cell cycle analysis was applied to the 
cycling time analysis of sheep red blood cell ( SRBC )-stimulated 
murine spleen cell cultures. The cell cycling time of such cultures 
was found to be 13 hours. Attempts were made to establish the cycling 
time of the SRBC-specific spleen cell subpopulation but the 
techniques of cell selection necessary for such an analysis proved 
inadequate. 

A murine myeloma cell line was also studied with the BrUdR 
technique. The myeloma cells exhibited a cycling time of 14.3 hours 
and a growth fraction of approximately 1.00. This was in agreement 


with the doubling time established by microscopic cell counting. 
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LIST OF ABBREVIATIONS AND GLOSSARY ( continued ) 


Mishell - Dutton balanced salt solution 
a-methylglucopyranoside 

any agent which incites a cell to enter S-phase 
the time of the cell cycle involved with mitosis 


a clear area in an SRBC lawn resulting from a central 
cell secreting antibody directed against SRBC 


picomole 
plaque-forming cell 


Phytohemagglutinin, a mitogen for thymus-derived 
lymphocytes 


ribonucleic acid 


a lymphocyte coated with SRBC as a result of SRBC- 
specific antibodies at the lymphocyte surface 


succinylated Concanavalin A 


the time of the cell cycle involved with the 
replication of nuclear DNA 


sheep red blood cells 

a DNA-containing bacteriophage 
thymus-derived lymphocyte 
1-8-2'-deoxy-D-ribofuranosyl1 thymine 
thymus-derived lymphocyte surface antigen 


a serum which contains antibodies specific for the 
Thy-1 cell surface antigen 


tris ( hydroxymethyl ) aminomethane 
1-8-D-ribofuranosyluracil 


a commercial detergent preparation suitable for 
selectively lysing red blood cells 
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SOURCES OF MATERIALS AND REAGENTS 


Sources Materials 

Aldrich Chemical Co. 8-Hydroxyquinoline 

J.T. Baker Chemical Co. General chemicals, reagents and 
buffers 

Becton Dickinson and Co. 16 x 100 mm glass culture tubes 

Calbiochem a-Methylglucopyranoside 


Coulter Electronics of Canada Ltd Zap Isoton 


Eastman Kodak Succinic Anhydride 
Fischer Scientific Trichloroacetic Acid 
Grand Island Biological Co. Culture medium ingredients, 


penicillin-streptomycin and guinea 
pig complement 


L'industrie Biologique Francaise Agarose 


kux Scientific Plastic T flasks and petri dishes 

Miles-Yeda Concanavalin A 

New England Nuclear Radiochemicals and Omnifluor 

Nyegaard and Co. Lymphoprep 

Pharmacia Fine Chemicals Ficoll 400 

Pierce Cesium Chloride 

Pp. L., Brochemicals 5-Bromo-2'-deoxyuridine and 2'- 
deoxycytosine 

Raylo Chemicals 2'-Deoxythymidine and Uridine 

Schering Gentamycin 

Schwartz / Mann N®-07'-dibutyryl-adenosine-3',5'- 
cyclic monophosphate 

Sigma Chemical Co. Hepes 

Standard Chemical Co. Ethanol 
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SOURCES OF MATERIALS AND REAGENTS ( continued ) 


Sources 


Whatman 


Worthington Biochemicals 


A generous gift of Ms. Jennifer 
Shaw, Dept. of Immunology, U. of 
Alberta 


Health Sciences Animal Center, 
University of Alberta 

( purchased from the Jackson 
Laboratory, Bar Harbor, Maine ) 


A generous gift of the Dept. of 
Immunology, U. of Alberta 
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Materials 


Glass fiber and paper filter 
discs 


Pancreatic DNAase 


Thy-1 serum 


CBA/J mice 


Sheep Red Blood Cells and 
Carbonyl Iron 
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CHAPTER I 


INTRODUCTION 


bots: The Study of Cell Proliferation 


I.1.1 General Cell proliferation is involved, at some stage, 
in the developement of most differentiated cell systems. For this 
reason, the study of such systems must include a thorough under- 
standing of the factors involved in the initiation, maintenance and 
termination of cell proliferation. 

The techniques currently employed in the study of cell prolifer- 
ation are limited in many respects. The simplest method of estimating 
cell proliferation is direct cell counting. This method is useful, 
however, only when studying entire cell populations or subpopulations 
of cells which exhibit distinguishing characteristics. Also, studies 
of cell proliferation based on direct cell counts may be compromised 
by the expansion of the cell population through differentiative 
activity rather than proliferative activity. 

DNA synthetic activity has been employed as a measure of cell 
proliferation. In complex cell populations, however, the estimation 
of cell proliferation by monitoring DNA synthetic activity may be 
compromised by the contribution of cells other than those of interest. 
Also, the fraction of the absolute DNA synthetic rate which can be 
obtained through incorporation of exogenous deoxyribonucleosides 
must be established before cell proliferation and DNA synthetic 


activity may be equated. 
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The most common technique for the study of the kinetics of cell 
proliferation involves autoradiographic enumeration of metaphase ( M- 
phase ) arrested cells at time intervals after incorporation of 
radiolabeled deoxyribonucleoside ( Quastler § Sherman, 1959; Borun, 
1973; Bryant, 1971 ). This technique will yield a large amount of 
cell cycle kinetic data, but it does so under the influence of 
chemical manipulation of the cell's proliferative mechanism. Often 
the cycling of in vitro cell populations is synchronized at the out- 
set of the experiment by release from S-phase block ( Gentry et al., 
POGS;~lallhetial:; 1963; Sinclair, 1967 ). The method of analysis 
requires that the cell population be arrested in M-phase at the end 
of the experiment, usually by the action of colcemid ( Taylor, 1965 ). 
Such chemical manipulations may influence the proliferative mechanism 
such that the kinetic data obtained may not be representative of the 
freely cycling cell population ( Barr, 1968; Tobey et al., 1967; Kato 
& Yosida, 1970 ). 

1.1.2 Rationale for this work This thesis defines a model cell 
system suitable for the study of cell cycle kinetics. A technique is 
then described which can be applied to asynchronous cell populations 
to reveal cell cycle kinetic data, at the DNA level, without chemical 
disruption of the proliferation mechanism. The limitations of this 


technique are explored through its application to other cell systems. 


1.2 The Choice of a Model Population 
I.2.1 The immune system The purpose of an immune system is to 


inactivate any foreign antigen which enters the system. Antigen 


inactivation is often accomplished through a humoral immune response. 
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This involves the production of antibody which reacts specifically 
with the foreign antigen. | 

The immune system was chosen for study in this thesis because 
it possesses several interesting properties. Firstly, it is capable 
of responding to antigen only upon exposure to that antigen ( Britton 
et al., 1973 ). Antigen stimulates differentiation and proliferation 
of immunocytes to a state capable of prompt antigen neutralization. 
Elimination of the antigen results in a return of the immune system 
to a less active state which is capable of immediate secondary 
response should the antigen be re-introduced. 

The second interesting property of the immune response is its 
specificity. Regardless of the intensity of the response to a specific 
antigen, the majority of the immune system appears unaffected. Immune 
specificity is determined by cellular selection on the basis of cell 
surface antigen receptors ( Nussenzweig, 1974; Warner, 1974 ). In 
this way, the differentiative and proliferative stimulation resulting 
from exposure to antigen is limited to the receptive immunocyte 
subpopulations. 

The third area of interest in the immune response explores the 
fdctethat.atvariety of cell itypes <actein: concert tin sthetresponse: to 
an antigen. Bone marrow-derived cells ( B-cells ) give rise to 
antibody-producing cells ( Nossal et al., 1968 ). Thymus-derived 
cellse( cells .) eG«eSchrader \aL975; ‘Kat zug sBenacernat e107.25) rand 
adherent cells ( A-cells or macrophage ) ( Miller § Mitchell, 1968 ) 
are involved in the response. This synergy, which involves such concepts 
as antigen processing, antigen presentation and antigen recognition, 


is necessary for the generation of an effector cell population capable 
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of efficient antigen elimination. 

The mounting of an efficient immune response involves a rapid 
proliferation of only the clone of immunocytes which exhibit 
specificity for the antigen. Therefore, a study of the control of 
proliferation in the immune response is a reasonable point from which 
to begin to understand the immune response as a whole. Since the 
immune response is a very complex phenomenon, a study of the 
biochemical basis of the control of proliferation demands either 
analysis of the individual components of the system or investigation 
of a simpler representative model. 

I.2.2 The murine thymocyte population Mitogen stimulation of 
lymphoid cells appears to be a valid model system of the immune 
response. The three basic areas of interest in the immune response 
are adequately depicted by the mitogen-lymphoid cell model. First, 
the time course of the response of lymphoid cells to mitogen 
parallels the initial lag period, the period of proliferation of the 
responsive cells and the return to basal levels of activity exhibited 
by the response of the immune system to antigen ( Lindahl-Kiessling, 
1972 ). Secondly, the response of lymphoid cells to different 
mitogens exhibits some of the cellular specificity found in the 
immune response to antigen ( Lindahl-Kiessling, 1972; Jacobsson §& 
Blomgren, 1972; Jacobsson §& Blomgren, 1974 ). Thirdly, as in the 
immune response, there is evidence for multicellular processing of 
the mitogenic signal resulting in the stimulation of one specific 
subpopulation of cells ( Mills et al., 1976 ). 

The lymphoid cell system chosen for the model was the murine 


thymocyte system. The choice was not based on the extent of mitogen 
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responsiveness since both spleen and lymph node cells have been 

found more responsive to mitogens than thymocytes ( Jacobsson § 
Blomgren, 1974; Weksler et al., 1974 ). Rather the choice was based 
on the fact that the thymus contains few B-cells and A-cells ( Cantor 
& Boyse, 1975 ). This reduces the cellular complexity of the model 
system. Also, thymocytes are relatively isolated from the efferent 
aspects of the in vivo immme system ( Raviola § Kammovsky, 1972 

This isolation eliminates variabilities in the in vitro responsiveness 
of the thymocytes to mitogen which might exist should the thymocytes 
be subject to in vivo stimulation by circulating antigen. 

The mammalian thymus is the site of proliferation and 
differentiation of multipotential bone marrow stem cells into 
distinctive thymus-derived cells ( T-cells ) ( Wu et al., 1968 ). 

The thymus has been shown to be both necessary ( Wortis et al., 

1971 ) and sufficient ( Ritter, 1971 ) for the production of 
functional T-cells. On the basis of structure and cell population, 
four distinct regions of the thymus are distinguishable ( Clark Jr., 
1973 ). The subcapsular cortex is the chief site of thymopoiesis and 
is composed of quickly proliferating large lymphocytes. The inner 
cortex is crowded with small nonproliferating lymphocytes interspersed 
with large mitotic cells. The large degree of cell death in this 
region is associated primarily with adrenal cortical hormone secretion. 
The medulla is the region where thymocytes lose same thymus-specific 
cell surface antigens and gain the general cell surface murine 
histocompatability antigens. The perivascular comnective tissue is 

the site of emigration of thymocytes into circulating blood. 


Proliferation due to circulating antigen is evident in this region. 
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The cortisone insensitivity of both mitogen responsive cells 
and only the medullary subpopulation of thymocytes ( Jacobsson § 
Blomgren, 1972 ) is an indication that the medullary thymocytes are 
the most likely contributors to the mitogen response. 

1.2.3 The thymic mitogen Concanavalin A The plant lectin 
Concanavalin A ( Con A ) was chosen as the mitogen for this model 
system because of the knowledge already available concerning its 
structure and function. Con A is most readily isolated from the Jack 
Bean ( Agrawal § Goldstein, 1965 ). The amino acid sequence and X-ray 
crystallographic structure ( Edelman et al., 1972; Cunningham et al., 
1975 ) indicate that Con A exists as a tetramer above pH 7. Each 
monomer ( molecular weight 25,500 ) possesses calcium, manganese and 
carbohydrate binding sites. 

The in vitro response of thymocytes to plant lectins such as 
Phytohemagglutinin ( PHA ) ( Yutoku et al., 1974; Andersson et al., 
1972 ) and Con A ( Juhlin, 1976; Gunther et al., 1974 ) has been 
compared ( Lindahl-Kiessling, 1972; Jacobsson §& Blomgren, 1974 ). 
Con A does not enter cells to exert its mitogenic effect ( Greaves §& 
Bauminger, 1972 ). At optimal stimulatory concentrations, 10° Con A 
tetramers are bound to each lymphocyte ( Betel § Van Der Berg, 1972 ) 
while 10° - 10’ tetramers can be bound per cell under saturating 
Con A concentrations. The responsibility for the binding of Con A 
to thymocyte membranes has been assigned to a cell surface 
glycoprotein of 55,000 molecular weight ( Schmidt-Ullrich § Wallach, 
LO7GS) 3 

The mechanism of Con A stimulation is still under study ( Edelman 


et al., 1973 ). However, some of the early events which have been 
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associated with the stimulatory process are well defined. These events 
include alteration of membrane associated activities ( Wettenhall § 
Slobbe, 1976; Painter et al., 1976 ), increases in membrane transport, 
increases in phospholipid syntheses and increased calcium influx 
( Hadden et al., 1974 ). 

It has been established with circulating lymphocyes ( Powell §& 
Leon, 1970; Lindahl-Kiessling, 1972 ) and rat lymph node cells 
( Novogrodsky § Katchalski, 1971 ) that Con A must be in contact 
with the responding cell for at least 20 hours to exert maximal 
stimulation of DNA synthesis after 2 - 3 days of culture. Some 
stimulation of DNA synthesis is observed even if the responding cells 
are exposed to Con A for only 10 - 20 hours. This indicates the 
existence of an irreversible mitogenic commitment induced within a 


responding cell system by Con A. 


I.3 The Application of 5-Bromo-2'-deoxyuridine to the Study of Cell 
Cycling Analysis of 5-bromo-2'-deoxyuridine ( BrUdR )-containing DNA 
is a valuable tool for the study of DNA synthetic patterns. 
Incorporation of BrUdR can be studied through the buoyant density 
change of the DNA ( Rownd, 1967 ) or through the reduction in 
fluorescence of DNA-associated dyes ( Craig-Holmes § Shaw, 1976 ). 
The incorporation of BrUdR has been used to study the conservation 

of the order of replication of DNA in human transformed cells 

( Mueller § Kajiwara, 1966 ), slime mold ( Braun § Wili, 1969 ) and 
Escherichia coli ( Nagata G Meselson, 1968 ) and in the study of the 
restimulation of lymphocytes ( Munakata § Strauss, 1972 ). The results 


indicate that analysis of BrUdR-containing DNA may facilitate cell 
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cycle analysis of asynchronous cell populations. The study of 
asynchronous cell populations eliminates the need for the chemical 
manipulations ( cell synchronization and M-phase arrest ) which may 
compromise cell cycling data. 

The presence of BrUdR in tissue culture has, in some situations, 
caused specific cellular abberations. There is evidence that 
incorporation of BrUdR into DNA can increase the affinity of DNA for 
DNA-binding proteins ( Lin § Riggs, 1972; David et al., 1974 ). This 
is a reasonable model to explain some of the inhibition of 
differentiative function which BrUdR can induce ( Clark § Nudrud, 
1974 ). The presence of BrUdR has been shown to induce differentiation 
of the neuroblastoma C 1300 in the absence of DNA synthesis 
( Schubert & Jacob, 1970 ). It is suggested that this may result 
from a BrUdR-induced alteration in the carbohydrate metabolism of the 
neuroblastoma cell surface proteins. 

With these possible BrUdR side effects in mind, the application 
of analysis of BrUdR-containing DNA to the study of cell cycle 


kinetics was investigated. 
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CHAPTER II 


THE NUCLEIC ACID SYNTHETIC ACTIVITY OF CONCANAVALIN A STIMULATED MURINE 


THYMOCYTES 


tise) Antrodiction 

This thesis is concerned with the study of cell proliferation. 
The Con A stimulated thymocyte model system was chosen for the study 
of cell proliferation because of its close relation to the immune 
response and because of the knowledge already available concerning 
thymocytes and Con A. Chapter II describes investigations of the rate 
of DNA synthesis resulting from Con A stimulation of thymocytes. The 
validity of monitoring DNA synthetic activity by means of incorpor- 
ation of exogenous thymidine into acid insoluble thymocyte material 
was explored. The rate of incorporation of thymidine at saturating 
concentrations was measured chemically. 

Having established a technique for assaying DNA synthetic 
activity in this system, the parameters affecting DNA synthetic 
activity were studied. This included exploration of the effects of 
2-mercaptoethanol, which has been shown to enhance in vitro immune 
responses ( Click et al., 1972 ) and variation of mitogen 
concentration on the DNA synthetic activity of Con A stimulated 
thymocytes. The time course of the response of thymocytes to Con A 
was studied in terms of the effects of Con A concentration and the 
effects of the succinylated derivative of Con A ( sCon A ). This 
Con A derivative is less toxic than Con A and therefore permits 


saturation of the Con A mitogenic signal ( Gunther et al., 1973 ). 
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The co-operation of thymocytes in the processing of the stimulatory 
Con A signal was investigated by varying the density of cells on 
the culture surface and monitoring the effect on DNA synthetic 


activity. 


II.2 Methods 

II.2.1 Radionucleoside preparation °H-Thymidine, *H-5-bromo- 
2'-deoxyuridine, '"C-thymidine and *H-uridine were combined with the 
appropriate nucleoside to obtain solutions with specific activities 
of 20 - 50 cpm / pmole. 

II.2.2 Culture labeling and harvest Thymocyte cultures were 
labeled by adding the appropriate radioactive nucleoside to the 
concentration indicated. After 2 - 4 hours of incorporation, the 
cultures were chilled to 4°C to stop further nucleic acid synthesis. 
Individual cultures were diluted 2 fold with 0.15 M sodium chloride 
and filtered through 2.5 cm glass fiber filters. The filters were 
washed twice with 5 ml of 0.15 M sodium chloride, thrice with 5 ml 
of 5% trichloroacetic acid, twice with 2 ml of 95% ethanol and dried. 

II.2.3 Quantification of incorporated radionucleosides The 
acid insoluble material retained on glass fiber or paper filters was 
monitored for radioactivity in 5 ml of scintillation fluid ( 14.4 g 
ofsOmmif luor’/ 3 Loof toluenes ).eThe?scintillation: of) eachysamile 
was monitored for 5 minutes in a Beckman LS-250 scintillation 
counter. The conditions used yielded a counting error of less than 
2% at the 99% confidence level for stimulated cultures. The resulting 
radioactive cpm data were corrected for isotope overlap when multiple 


radionucleosides were used and converted into the normalized units of 
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'' picomoles of nucleoside incorporated per hour of labeling per 
million cells originally cultured '' ( pmole / hour / 10° cells ). The 
rate of incorporation of exogenous thymidine can vary considerably 
in cultured thymocytes due to in vivo variations in metabolic and 
hormonal activity proir to culturing. Normalization of radionucleoside 
incorporation data to pmole / hour / 10° cells exposes such 
variability and allows an estimation of the absolute DNA synthetic 
rate of the tissue. The average standard deviation of triplicate 
samples in experiments examining DNA synthetic activity was 13%. 
Scintillation analysis of a factory tritium toluene standard 
established the counting efficiency to be 45% in the open channel. 
II.2.4 Tissue culture conditions 

II1.2.4.1 Culture medium Thymocytes were cultured in Eagles 
Minimal Essential Medium containing Earle's Balanced Salt Solution. In 
addition, the medium contained 36 mM sodium bicarbonate, 10 mM Hepes 
buffer ( pH 7.3 ), 0.43 mM sodium pyruvate, 10 units / ml penicillin, 
10 ue / ml streptomyocin, 40 ug / ml gentamycin sulphate and 8.5% heat 
inactivated ( 56 °C for 30 minutes ) fetal calf serum. Routinely, 2- 
mercaptoethanol was added to a final concentration of 10 UM. 

I1.2.4.2 Thymocyte isolation and culturing Thymuses were 
removed from 6 - 8 week male CBA/J mice which had been sacrificed by 
cervical dislocation. Thymuses were dispersed in 12 ml of culture 
medium by passage of diced tissue through fine stainless steel mesh. 
The dispersed tissue was allowed to settle for 10 minutes in a 15 x 
75 mm plastic tube. During this time, connective tissue and clumped 
cells settled out from the cell suspension. The top 11.5 ml was 


removed and the cells were collected by centrifugation at 90 g for 7 
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minutes. The cell pellet was suspended in 10 ml of fresh medium. 
After settling for 10 minutes, the top 9.5 ml was removed and the 
cells were counted under methylene blue-acetic acid nuclear staining 
on a Spencer Haemocytometer. Viability tests were performed using 
eosin Y ( 0.15% ) exclusion ( Hanks § Wallace, 1958 ). 

All cultures were in 16 x 100 mm round bottomed disposable glass 
tubes fitted with loose metal closures. Routine cultures consisted 
of 2 ml of medium-containing 1 x 10° nucleated cells / ml. All 
culturing was at 37 °C in 100% relative humidity and an atmosphere 
of 10% carbon dioxide in air. Alternate culture methods employed 
flat bottomed glass vials ( surface area 2.27 cm* ) or the Diener- 
Marbrook system. In the Diener-Marbrook system, cells are placed on 
a dialysis membrane suspended in a large volume of culture medium 
( Marbrook, 1967; Diener & Armstrong, 1969 ). 

TieZ.4.35 “Mitogens 
L245 2. “Concanavalin A “Purification of 
commercially obtained Con A was not attempted but activation of Con A 
( Uchida §& Matsumoto, 1972 ) was performed as follows: Con A was 
dissolved in 25 mM Hepes ( pH 7.3 ) and dialysed for 40 hours at 4 °C 
against several liters of 25 mM Hepes containing 10 mM manganese 
chloride and 20 mM calcium chloride. After dialysis, excess salts 
were removed by vacuum dialysis of the Con A solution against 25 mM 
Hepes. 
Tie2e4.3.2. Succiny) Coneanavalan A) The suceinylation 

of Con A ( Gunther et al., 1973 ) was performed as follows: Con A 
( 100 mg ) was dissolved in 20 ml of saturated sodium acetate. The 


insoluble material was removed by centrifugation. The supernatant 
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plus 5 ml of saturated sodium acetate was added to 30.5 mg of 
succinic anhydride and the mixture was stirred for 2 hours at room 
temperature. The mixture was dialysed for 20 hours against water, 
then lyophilized. The resulting white, flocculent material was 
dissolved in 20 ml of saturated sodium acetate and the insoluble 
material was removed by centrifugation. The supernatant was added to 
30 mg of succinic anhydride and stirred at room temperature for 1.5 
hours. The mixture was dialysed for 20 hours against water, then 
vacuum dialysed for 12 hours against 25 mM Hepes ( pH 7.3 ). 

The concentration of mitogen solutions was determined spectro- 
photometrically assuming a 1% extinction coefficient ( 280 mm ) of 
L2e42for*both Con*Avand  sCon AS (MYariveet+al:S F968" )i+Con-A’and 
sCon A were stored in the lyophilized state at -20 °C. 

17.2 403.58 Sédimentation+velocity analysis 

Sedimentation velocity analysis of Con A and sCon A was 
performed in a Beckman model E analytical ultracentrifuge. Samples 
were analysed concurrently using a 2 place titanium rotor ( AN-H ) 
equiped with a 1° positive wedge window. The analysis was performed 
at 1607000 ‘ipmefor 80 minutes *in‘sa Z5¥nM Hepes buffer ( pH 7.3 ) .at 
Z0RaCi. 

Con A (1.02 mg / ml ) revealed a major component of 6.37 S and 
a minor component of 4.10 S. Succinyl Con A revealed a single 
component of 3.27 S when analysed at 4.0 mg / ml. These results 
agree reasonably well with the literature values [ Con A ( pH 5.6 ) - 
Seo tsetten BY (Ho? 4 ) °-6 21S Pand ‘sGon™A” (spy. 46)" - 4480" S 
(Ginvther et als, 1975") a] The Wtowmelecular weight (4/1°S" ) 


contaminant in the Con A sample indicates the existence of Con A 
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fragments. The lower than expected sedimentation coefficient 
obtained from the analysis of the sCon A sample may be a result of 
the low ionic strength of the analysis buffer or concentration 


nonideality. 


il.3 Results 
II.3.1 Conditions of thymidine incorporation 

II.3.1.1. Thymidine saturation Thymocyte cultures were 
brought to 0.5 - 20 uM °H-TdR at 47 hours. After 3 hours of labeling, 
the cultures were harvested. The double reciprocal plot of figure 1 
describes the relation between exogenous thymidine concentration and 
incorporation of thymidine into acid insoluble material. Thymidine 
incorporation follows simple saturation kinetics. The thymidine 
concentration yielding half maximal incorporation rate is approx- 
imately 0.6 uM. A thymidine concentration of 10 uM, which yields 
90% of the maximal incorporation rate, was chosen for use in pulse 
labeling experiments. It was assumed that exogenous thymidine 
underwent metabolism involved only with DNA synthesis therefore all 
acid insoluble tritium must be in DNA. 

II.3.1.2 Thymidine pulse label duration At 47 hours, 
triplicate thymocyte cultures were exposed to 3.4 uM '"C-TdR for 15, 
60 or 120 minutes. The rate of thymidine incorporation has reached 
the steady state value during 15 minutes of labeling ( table 1 ). 

The comparison of long and short term °H-TdR incorporation was 
performed as follows: Triplicate 2 - 3 hour pulse labelings were 
performed at 40, 44, 48 and 52 hours employing 10 uM °H-TdR. On the 


basis of the incorporation rates at these times, the predicted 
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Figure 1. Thymidine saturation kinetics. 

Thymocytes were cultured in 4.5 ug / ml Con A medium at 2 x 10° 
cells / ml for 48 hours. During the last 4 hours, triplicate cultures 
were brought to the °H-TdR concentrations indicated. The rate of 


thymidine incorporation was monitored for each *H-TdR concentration 


and expressed as pmoles / hour / T° cedde. 
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Table. 1. 


Thymidine Incorporation during Short Pulse Labelings. 


Thymidine Incorporation 
Rate 
(pmoles / hour / 10° cells) 


Pulse Label Duration 


(minutes ) 


Thymocytes were cultured at 2 x 10° cells / ml in 12.5 yg / ml 
sCon A medium for 48.5 hours. Triplicate cultures were brought to 
3.4 uM 14C-TdR for 15 minutes, 60 minutes or 120 minutes before 
harvest. The rate of thymidine incorporation into an acid insoluble 


form was established for each pulse labeling time. 
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accumulation of °H-TdR was calculated. The actual °H-TdR accumulation 
was monitored at 2 hour intervals in parallel cultures over the same 
42 - 52 hour period. The predicted and observed accumulations of °H- 
TdR, in an acid insoluble form, agree for the first 8 hours of 
labéling ( figure 2). 
I}.3.2 Tissue_culture conditions 

[Pi522.1) 2-Mercaptoethanol the opeimal “concentration of 
2-mercaptoethanol for enhancement of the thymocyte response to sCon A 
is 10 uM as described in figure 3a. The presence of 10 uM 2-mercapto- 
ethanol in the culture medium resulted in a significant enhancement 


and quickening of the response of thymocytes to Con A ( figure 3b ). 


TT oseee  Mitogens 
11 .3.2.2.1 “Optimal mitogen’ concentrations. The, two 


commercial sources of Con A which were tested did not differ in the 
concentrations which induced optimal thymocyte stimulation ( data 
not shown ). Optimal mitogen concentrations were established by 
exposing cultures to a variety of mitogen concentrations ( Con A 0.5 
- 30 ug / ml, sCon A 1 - 100 ug / ml ). The resultant stimulation of 
DNA synthetic activity was monitored at 48 hours. The data are 
presented in figure 4. The optimal Con A concentration was 6 ug / ml. 
The titration curve of sCon A showed a response plateau over a wide 
concentration range ( 10 - 20 ug / ml ) and the toxic effects did 


not appear until concentrations of 20 ug / ml or greater were reached. 


Ti23'. 2.2.2 -‘Tamescoursesor thymocyte response to mitogen 


The effect of various mitogen concentrations on the time course 


of the thymocyte response was examined. Thymocyte cultures were 


exposed to Con A concentrations bracketing the optimum. The DNA 
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Figure 2. The linearity of thymidine incorporation into acid 
insoluble thymocyte material with time. 

Thymocytes were cultured at 4 x 10° cells / ml in 4.5 ug / ml 
Con A medium for 40 hours. From 40 to 52 hours, cultures were labeled 
with 10 uM °H-TdR, either in 2 to 3 hour pulses to determine the 
instantaneous incorporation rate ( 0 ), or continuously to determine 
the accumulated °H cpm ( A ). The predicted °*H cpm accumulation ( + ) 
was determined as follows: 
Predicted °H-TdR 


cpm accumulation = 
ac came. & 


pane oration rate at t - Incorporation rate at toy 


+ Incorporation rate at tp ] x t 
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Figure 3a. The optimal concentration of 2-Mercaptoethanol for 
enhancement of the thymocyte response to sCon A. 
Thymocytes were cultured in triplicate at 1 x 10° cells / ml 
with 20 ug / ml sCon A and the 2-mercaptoethanol concentrations 
indicated. The DNA synthetic rate under each 2-mercaptoethanol 
concentration was monitored with a 3 hour pulse label of 3.3 UM 


1C2TdR at’ 48° hours. 
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Figure 3b. The effects of 2-Mercaptoethanol on the response of 
thymocytes to Concanavalin A. 
Thymocytes were cultured at 2 x 10° cells / ml in 4.5 pg / ml 
Con A medium in the presence ( o ) or in the absence ( A ) of 10 uM 
2-mercaptoethanol. The rate of incorporation of thymidine into an 
acid insoluble form was monitored with a 3 hour pulse label of 


*H-TdR at the times indicated. 
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Figure 4, Optimal mitogen concentration. 

Thymocytes were cultures at 1 x 10° cells / ml in Con A medium 
( © ) or in sCon A medium ( A ) at the concentrations indicated. The 
rate of incorporation of thymidine into an acid insoluble form was 


monitored at 48 hours by a 3 hour labeling with 3.3 uM 2°C-TaR. 
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synthetic response was monitored at 24 hour intervals. The effect of 
increasing mitogen concentration, as seen in figure 5, was to delay 
the time of maximal response. Mitogen concentrations exceeding the 
optimum inhibited the maximal thymocyte response. 

The time course of stimulation of thymocyte DNA and RNA 
synthesis by optimal concentrations of Con A and sCon A appear in 
figure 6. The time course of thymocyte response to optimal 
concentrations of sCon A exhibits a delayed and enhanced maximal 
response as compared to the response of thymocytes to optimal 
concentrations of Con A. 

1135.22.53 Microscopie enlfure properties The procedure 
for thymocyte isolation routinely yielded a cell suspension of 
greater than 90% viable cells. The centrifugation steps selected for 
medium and large thymocytes which comprised approximately 70% of the 
initial thymocyte suspension. The small thymocyte fraction was found 
to be unresponsive to Con A stimulation ( data not shown ). 

The total and viable thymocyte number was found to decrease 
throughout the Con A response despite the presence of DNA synthetic 
activity. These data suggest that Con A responsive thymocytes are a 
short-lived, minor subpopulation of thymic tissue. As late as 120 
hours, and independent of the presence of mitogen, a viable population 
of cells is maintained corresponding to 5 - 15% of the original 
number of thymocytes cultured. This subpopulation exhibits little DNA 
synthetic activity after 96 hours of culture. 

LES. 208 Variation oficeld ‘density. ton*themcu Pure ‘surface 

Flat bottomed glass vials were substituted for the round 


bottomed culture tubes. A common Con A-stimulated cell stock 
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Figure 5. The effect of mitogen concentration on the time course of 
thymocyte stimulation. 
Thymocytes were cultured at 2.5 x 10° cells / ml in 3.0 (A), 
Os0aly Gah. 1) Sats) or 9.0 (Vero aml ConsAsmedium.. At. the trimes 
indicated, the rate of incorporation of thymidine into an acid 


insoluble form was monitored by a 3 hour, 9.5 1M 3H-TdR pulse label. 
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Figure 6. The time course of thymocyte stimulation by mitogens. 
Thymocytes were cultured at 1 x 10° cells / ml in 4.5 ug / ml 
Con A medium ( 0 ), 12.5 g / ml sCon A medium ( A ) or in the absence 
of mitogen ( + ). At the times indicated, triplicate cultures were 
exposed to a 3 hour pulse label of 3.4 uM *"C-TdR to establish the 
rate of thymidine incorporation into an acid insoluble form. 
Thymocytes cultured with sCon A were also pulse labeled with 12.5 
uM °H-TdR to establish the rate of uridine incorporation into an 


acid msoluble* torm( V"). 
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containing 1.89 x 10° nucleated uae / ml was used to initiate 0.6 
- 6.0 ml cultures. These cultures yielded densities of 0.5 - 5.0 x 
10° cells / cm* of surface area. The resultant DNA synthetic activity 
was monitored at 12 hour intervals. The data of figure 7 indicate 
that cell-cell interaction may be necessary for the mitogenic 
stimulation of thymocytes. Cultures of low cell density fail to mount 
a maximal response to mitogen. The extent of cell co-operation does 
not appear to affect the time course of the response above an 
optimal level of 2 x 10° cells / cm’. 

Con A stimulated cultures,with average densities of 2 x 10°, 
Soa 10 rand 1x 107 nucleated celis 7 cm), weresimitiated in glass 
vials and in Diener-Marbrook culture vessels ( cells were cultured 
on a dialysis membrane suspended in a large volume of culture medium ) 
( Diener § Armstrong, 1969 ). The inhibitory effect of high cell 
density culturing was reduced by the more efficient Diener-Marbrook 
culture system ( figure 8 ). Cultures of 1 x 10’ cells / cm? failed 
to respond to Con A in vials. In the Diener-Marbrook system, however, 
cultures of 1 x 10’ cells / cm* showed 60% of the response exhibited 


by cultures at the optimal 2 cc 10>) cells/cm. 


tie Discussion 

The results of this chapter have established the conditions 
necessary for the reproducible and optimal incorporation of exogenous 
thymidine into acid insoluble thymocyte material. This technique can 
therefore be used to monitor the rate of thymocyte DNA synthetic 
activity. Exogenous thymidine rapidly reaches equilibrium with the 


endogenous thymidine pool. This is seen in the rate of thymidine 
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Figure 7. The effect on thymocyte stimulation of varying the cell 
density. 
Thymocytes were cultured at 2 x 10° cells / ml in 7.5 ug / ml 
Con A medium in flat-bottomed vials. The cell number to surface area 
Tatios were 0.5:x 10° \/ cm? (Vi et Ger ecm (ee) 2, exe 20° 
/ cn? ( 0) and 5 x 10° / cm? (A ). The thymidine incorporation 
rate under each culture condition was monitored by 3 hour pulse 


labels with 9.7 uM °H-TdR at the times indicated. 
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Figure 8. The effect of the Diener-Marbrook culture system on the 
stimulation of thymocytes at various cell concentrations. 
Thymocytes were cultured in 4.5 yg / ml Con A medium in flat- 
bottomed glass vials ( o ) or in Diener-Marbrook culture vessels 
( A ). The cell number to surface area ratios were 2.x 10° / cn, 
5 x 10° /em> and)] x 10” //an> with cell densities:o: wed, ane 
5 x 10° / ml and 1 x 10’ / ml respectively. Thymidine incorporation 
rates were monitored at the times indicated by 3 hour pulse labels 
with 4.7 uM °H-TdR in vial cultures and 18.9 uM °H-TdR in Diener- 


Marbrook cultures. 
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incorporation exhibited by a 15 minute pulse label ( table 1 ). The 
long term accumulation of exogenous thymidine occurs to the extent 
predicted by thymidine pulse labels up to 8 hours. These observations 
justify the routine use of a 2 - 4 hour pulse labeling time. The 
use of near saturating concentrations of thymidine during pulse 
labels increases the precision of DNA synthetic activity estimations. 
Macromolecular synthetic activity in any living system is 
subject to variabibity due to many factors. Thymocytes, being 
primary explant tissue, are prone to variability in vitro due to the 
variations in the in vivo metabolic and hormonal state at the time 
of thymectomy. Observed synthetic activity may be expressed as a 
stimulation index in an attempt to reduce this variability and to 
allow experimental comparison. The basis for comparing experimental 
results in all of this work, however, is the use of the normalized 
DNA synthetic parameter '' picomoles of thymidine incorporated per 
hour per million thymocytes initially cultured '"'. This parameter 
expresses DNA synthetic rates in absolute chemical terms thereby 
permitting comparison of experimental results even if they differ 


in cell numbers or labeling times. 


The microscopic profile of the time course of Con A stimulated 
thymocytes indicates that only a minor subpopulation of thymocytes 
is responsive to mitogen. The constant decrease in the total and 
viable cell numbers throughout the response may be a result of one 
of the following: 1. The Con A responsive thymocytes are a population 
of actively proliferating cells which is too small to affect the 


cell numbers of the culture as a whole. 2. The Con A responsive 


= 


mi 


sy 
ba * | 


wit (fen } forkst oven dain 26 teats i 

rots att OF <Tu9od SLAG NOK ROO AG cde 0 

Ji ¢pergedc. vnot!..otwot. at Gy eisdet aang gt bere 

att ond viscinl) safe, PMO, h ee ‘8 “Fo opu: sckton wilt vinve 

“had 26 2h0ht Ea iBOnDS seine meses 6 

rit hvitos Sreiag -yehisonmaal 2 

catvoonw .2vosgbs “Ct ot ah wi pclae or 

raw, gi vit Chis tiny (OFT Saae one { etnseeid Sea legen -g 

te age] eurcond » Get eK gt A dagtt 
a hisaarrs an Was pisorrrg' “foonbae sos 

cee 5 av 2idy saubet oe sips ii "A, NR noe 


Tes BOK “OL tok eileen voit! “rioz L esigipor. meee 


temoh ot 25 9a. akt ee Lealrewede wae tithe Na al 


debtors to 2 Lava: i 198 ns a - 

tiny Stuy. "Fogrimia vs feria ssn wwiihig! 
StU) PaaS iit ‘2g7eF sian. A “08 
. +? aova arlueot Thanag cayte Idygoataagiies gat 
Semis ant tated to epedemn ifeo nm 


~ 


latice A. HOD to Bend <siKe> oid) 9 alegary Signs os edt 

enntagy Lo noite lugotuse. TOmMN se wind ‘t8a2 eetecront aon 

‘yo Taio? of hb Boorse) Setenes OAT Huot oF + Lenoqaen-eh 1 

ano, le Five # sdram Quiteqest (ofl? reinktyaort? aioli: LESS atdsty " 

ear cee Se 1 tundwollay edt to va 

of 356335 c+ insing SONA bi Helfe> qiidrnaatlorn viewlsae Ma. Land 
avbetiges? A modell) si os BAI 2 tochemy ial : 


a! ee hy fed? ; _ 


noise ivqog «9 IFoo wee 


on 


mst 
> 


30 


thymocytes are a population of proliferating cells which exhibit a 
very high mortality rate. The apparent loss of accumulated TdR after 
8 hours of labeling ( figure 2 ) supports the idea that a fraction 
of thymocytes which are responsive to mitogen die in culture. 
Experiments in Chapter III indicate that Con A responsive thymocytes 
comprise 10 - 15% of the entire population and they exhibit a growth 
fraction Of - 0.07, 

The DNA synthetic pattern of Con A stimulated thymocytes 
exhibits an initial lag period of 24 hours, an increase in activity 
to a maximum at 48 - 72 hours and a return of the activity to basal 
levels ‘by 96°-"120 hours ( figure’6 ).*This response pattern canbe 
controlled to some extent as follows: Maximal DNA synthetic activity 
is greatest in the presence of 10 uM 2-mercaptoethanol, in the 
presence of optimal mitogen concentrations and at cell densities of 
2 x 10® cells / cm*® or greater. The time required to reach the 
point of maximal activity can be increased in the presence of 
mitogen concentrations which exceed the optimum concentration and at 


culture densities of less than 2x 10° cells / cm’. 


The titration curve of Con A concentration is a function of the 
degree to which each concentration is mitogenic and toxic. Both the 
maximal mitogenic response of thymocytes and the toxicity of Con A 
towards thymocytes increases with Con A concentration ( Andersson et 
al., 1972 ). The optimal concentration of Con A was found to vary by 
up to 100% with different lots of fetal calf serum ( data not shown ). 
Nonspecific binding of Con A to fetal calf serum reduces the amount 
of Con A free to associate with thymocytes ( Betel §& Van Der Berg, 
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It has not been established whether the inhibition of the 
thymocyte response by high concentrations of Con A is due to toxic 
effects on early responding cells which may cycle into the late 
response or if it is due to toxic effects directed against thymocytes 
entering’the response for the first time at 48 - 60 hours ( see 
section III.3.2.5 ). It has been established that the toxicity and 
mitogenic potency of Con A can be influenced by physical and 
chemical alterations of its structure ( Gunther et al., 1973 ) as 
seen in the response of thymocytes to succinyl Con A ( figures 4 
ai 0 +). | 

It was found by Dr. V. Paetkau and Dr. G. Mills ( Appendix ) 
that Con A stimulation of thymocytes is mediated by a lymphokine 
which they named ' costimulator ''. Costimulator is released by 
thymocytes during the first 16 hours of Con A.stimulation. Reduction 
of costimulator levels will inhibit mitogenesis of Con A stimulated 
thymocytes although costimulator is not mitogenic on its own. Its 
production is dependent on both Thy-1 bearing cells as well as cells 
of the monocyte - macrophage series. Costimulator was also found to 


enhance the thymocyte response to PHA. 
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CHAPTER III 


CELL CYCLING KINETICS OF CONCANAVALIN A STIMULATED THYMOCYTES 


hist iintroduction 

The Con A stimulated thymocyte system described in Chapter II 
consists of a proliferating subpopulation within a larger, unresponsive 
cell population. Proliferation studies of Con A responsive thymocytes 
based on direct cell counts are therefore impossible. Determination of 
cellular proliferation from the DNA synthetic rate based on the 
incorporation of exogenous thymidine is impossible until one determines 
the cell cycling time of the Con A responsive cells and the actual 
numbers of the Con A responsive cells present at any one time. Auto- 
radiographic analysis of M-phase arrested cells after °H-TdR labeling 
can be applied in this situation but this technique involves 
undesirable chemical manipulation of the proliferation mechanism. 

5-Bromo-2'-deoxyuridine ( BrUdR ) has been employed in cell cycle 
analysis of other systems. Craig-Holmes § Shaw ( 1976 ) made use of 
the ability of BrUdR to quench fluorescence of DNA associated dyes 
to study cell cycle kinetics. Isolation of BrUdR-containing DNA on 
the basis on its increased buoyant density was used to study the 
conservation of the order of DNA replication in several systems 
( Mueller § Kajiwara, 1966; Braun § Wili, 1969; Nagata § Meselson, 
1968 ). BrUdR was also used to study lymphocyte restimulation 
( Munakata § Strauss, 1972 ). 

The same buoyant density technique was adopted in this thesis 


for cell cycle kinetic analysis of Con A stimulated thymocytes. An 
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outline of the technique appears in figure 9. One cell cycle is defined 
as the time required for a cell to pass from one point in S-phase to 
the same point in the subsequent S-phase. This is established by the 
time required to observe a shift of the initially incorporated °H-TdR 
pulse label to a hybrid density position as a result of complementary 
incorporation of BrUdR. 

The results of this analysis establish the ability of thymocytes 
to recycle under Con A stimulation, the cycling time and growth 
fraction of Con A stimulated thymocytes. The influence of Con A on 
thymocytes can be removed with the competitive inhibitor a-methy1 - 
glucopyranoside ( oMG ) ( Gunther et al., 1974; Jones, 1973; Powell, 
1970 ). This permits a study of the mitogen dependence of stimulated 
thymocytes during the course of the response. Analysis of BrUdR- 
containing DNA will also establish that semiconservative DNA 
replication rather than repair synthesis is in effect during the 
BrUdR labeling period. The relation between the rate of incorporation 
of BrUdR and the density of the resulting DNA will establish the 
degree of substitution of BrUdR for thymidine residues in thymocyte 
DNA and thus the absolute rate of thymocyte DNA synthesis. 

The analysis of BrUdR-containing DNA is an appealing method for 
cell cycle kinetic anaylsis of the Con A stimulated thymocyte system. 
It must first be established however, that BrUdR is incorporated 
only into thymocyte DNA and that BrUdR does not alter thymocyte 
metabolism or DNA synthesis. Other cell systems have exhibited 
specific cellular changes upon exposure to BrUdR both at the metabolic 
leyel ( Schubert § Jacob, 1970 ) and at the DNA level ( Lin § Riggs, 


HOTZ Wavidseet ial. j-1974) ). 
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III.2 Methods 

III.2.1 Metabolic effects of 5-bromo-2'-deoxyuridine The effect 
of BrUdR on the ratio of the major phosphorylated cellular macro- 
molecules was studied as follows: Con A stimulated thymocyte cultures 
were brought to either 0:24 Ga 2P\/ mis, tor ’0,25 uCi 22P / ml plus 
9.5 uM BrUdR at 22 hours. At 84 hours, appropriate cultures were 
pooled and centrifuged at 150 g for 5 minutes. The cell pellets were 
washed once with 15 ml of 0.15 M sodium chloride and resuspended in 
0.5 ml of 0.15 M sodium chloride. Both suspensions received 0.1 ml of 
50 mM Tris - 10 mM EDTA ( pH 7 ), 0.2 ml of pronase ( 10 mg / ml 
heated to 80 °C for 10 minutes ) and 0.2 ml of 5% sarkosyl in 50 mM 
Tris. Each suspension also received 0.05 ml of °H-TdR labeled T7 DNA 
( 1.4 x 10° cpm / ml ) designed to act as an internal DNA marker. 
This mixture was incubated at 40 °C for several hours then vortexed. 
Two 0.05 ml aliquots of each sample were spotted on filter paper 
discs and monitored for acid insoluble **P and tritium. 

Both solutions were exposed to the following organic extractions: 
3 - 1 ml extractions with Tris saturated phenol - 0.1% 8-hydroxy- 
quinoline ( pH 8 ), 2 - 2 ml extractions with chloroform : isoamyl 
alcohol ( 24 : 1 ) and 2 - 2 ml ether extractions. Residual ether was 
removed under vacuum and both solutions were brought to 1 ml with 
water. Two 0.05 ml aliquots of each solution were spotted on paper 
filter discs and monitored for acid insoluble °*P and tritium. 

Both solutions received 0.1 ml of water and 0.5 ml of 1 N sodium 
hydroxide and were incubated at 100 °C for 5 minutes. Two 0.05 ml 
aliquots of each solution were spotted on paper filter discs and 


monitored for acid insoluble °?P and tritiun. 
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Both samples were dialysed overnight against 50 mM sodium 
chloride in 25 mM tris ( pH 7.5 ). The resulting 1.2 ml samples 
received 0.05 ml of 5 mg / ml pancreatic DNAase, 0.07 ml of water, 
0.04 ml of 1M Tris ( pH 7.5 ), 0.02 ml of 1 M magnesium chloride and 
0.12 ml of 1M sodium chloride. The mixtures were incubated at 37 °C 
and duplicate 0.1 ml samples of each were spotted on paper filter 
discs and monitored for acid insoluble °?P and tritium after 0, 15, 
30, 60 and 90 minutes of incubation. 

IIlI.2.2 Isolation of nucleic acids After incorporation of 
thymidine analogues, thymocyte DNA was analysed as follows: Thymocyte 
cultures were pooled and pelleted at 150 g for 5 minutes. The cell 
pellet was washed once with 10 - 15 ml of 0.15 M sodium chloride. 

The cell pellet was resuspended in 0.5 ml of 0.15 M sodium chloride 

to which was added 0.1 ml of 50 mM Tris - 10 mM EDTA ( pH 7 ), 0.2 ml 
of 5% sarkosyl and 0.2 ml of 10 mg / ml pronase ( heated to 80 °C for 
10 minutes ). The mixture was incubated at 40 °C for 3 hours. This 
cell lysate was exposed to 2 - 2 ml extractions with Tris saturated 
phenol - 0.1% 8-hydroxyquinoline ( pH 8 ), 2 - 2 ml extractions with 
chloroform : isoamyl alcohol ( 24 : 1 ) and 2 - 2 ml ether extractions. 
The residual ether was removed under vacuum and the samples were 
exposed to the shearing force of vortexing, sonication or forced 
passage through a 26 gauge needle. 

III.2.3 Density analysis of deoxyribonucleic acid Nucleic acid 
samples were prepared for density equilibrium centrifugation by adding 
cesium chloride and Tris - EDTA to establish the appropriate solution 
density ( 3.5 ml total volume ). The analysis was performed in a 


Beckman L 265 B ultracentrifuge employing a 50 Ti fixed angle rotor. 
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Centrifugation was at 40,000 rpm at 15 °C for 40 - 60 hours. The 
resulting cesium chloride gradients were pumped from the bottom at a 
rate of 0.4 ml / minute onto paper filter discs as 0.1 ml fractions. 
The refractive index was monitored at regular intervals and related 
to solution density on the basis of the following relation: 
Solution density = 10.87 ( Refractive index ) - 13.51 

Filter discs were washed thrice with cold trichloroacetic acid, 
twice with 95% ethanol and dried. Acid insoluble radioactivity was 
monitored in the scintillation system described in section II.2.3. 
Scintillation counting data was corrected for isotope overlap where 


necessary and plotted as a gradient profile. 


Lil.s Results 


Le: 2-Bromo-2'-deoxyuridine controls 
ees See. Incorporation of 9-bromo-2'-deoxyuridine 


Con A stimulated thymocyte cultures received *H-BrUdR at 46 
hours. The °H-BrUdR concentration ranged from 1.04 to 10 uM. After 2 
hours of labeling, cultures were monitored for acid insoluble tritium 
and the “H-BrUdR incorporation rate was calculated for each 3H-BrUdR 
concentration. The results ( figure 10 ) indicate that Simple saturation 
kinetics are in effect during BrUdR incorporation. 

III.3.1.2 Culture effects of 5-bromo-2'-deoxyuridine 

Con A stimulated thymocyte cultures were brought to 4 uM °H-TdR 
or 4 uM BrUdR plus *H-TdR at 20 hours. Culturing was continued and 
samples were monitored for incorporation of tritium into an acid 
insoluble form at 12 hour intervals throughout the response. The long 


term incorporation patterns of BrUdR and TdR into acid insoluble 
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Figure 10. 5-Bromo-2'-deoxyuridine saturation kinetics. 

Thymocytes were cultured in 7.5 yg / ml Con A medium at 2 x 10° 
cells / ml for 48 hours. During the last two hours, cultures were 
brought to the °H-BrUdR concentrations indicated. The rate of 
incorporation of BrUdR into an acid insoluble form was monitored 
for each BrUdR concentration and expressed as pmoles / hour / 10° 


cells. 
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material during the DNA synthetic response of thymocytes to Con A 
follow a similar time course as shown in figure lla. During the course 
of this experiment, the BrUdR cultures exhibited 50% fewer viable cells 
than TdR cultures after 60 hours. 

Con A stimulated thymocyte cultures were brought to 10 uM °H-TdR 
or 10.3 uM °H-BrUdR for three hours. These pulse labels were employed 
at 12 or 24 hours intervals throughout the response. Figure 1lb 
demonstrates that the DNA synthetic response pattern of thymocytes 
follows a parallel time course when monitored with BrUdR or TdR pulse 
labels. At 60 hours, the rate of incorporation of BrUdR is 1.5 times 
greater than the rate of incorporation of TdR. 

The effects of BrUdR on thymocyte DNA stability was studied as 
follows: Con A stimulated thymocyte cultures were incubated with 42 
mM °H-TdR. At 38 hours, the °H-TdR medium was replaced with fresh Con 
A medium and the cultures were brought to 4.1 uM BrUdR. The retention 
of acid insoluble *H-TdR per culture was monitored at 12 or 24 hour 
intervals. Figure 12 indicates that the presence of BrUdR in culture 
has no effect on the stability of thymocyte DNA in terms of the 
retention of acid insoluble *H-TdR. 

IT1.301.3° Metabolic effects) of 5-bromo-2'-deoxyuridine 

Incorporation of **P into phosphorylated macromolecules was 
examined as a crude monitor of general metabolic activity. Con A 
stimulated thymocyte cultures were brought to 0.47 uCi °*P / ml or 
0.47 wCi *2P / ml plus 4 uM BrUdR at 30 hours. Culturing was 
resumed and acid insoluble **P incorporation was monitored at 10 
hour intervals. Figure 13 indicates that incorporation of °*P into 


acid insoluble material is not affected by the presence of BrUdR. 


ve 7 - _ i an arr fa © eee > an © ‘a 2) 
mo : ; 7 ; a 5 Ey “oe md 7 twa by 7 - 
a . i Ta Re a es, nee L 


ras ; ‘ 
. > ae 
\ ni 
’ fd big ihe " ut ® On 
shroommntf Fe Seog’ aia foe Aue varia gai ih Le cea Re 
: : ‘i 7 : is — ee 


BED Sauk? AES sacle A aria. exit : <shiate 7 24 


wos a9) | ” 
po PDF = fl Cts a ~ ) | ra an the ee ute Sets i) opt cm Tt 
) “* *6 


ett er} Oe i2 ate 38 mre EAS sits a 
, ts vo | - 
J Cones 1 * iL. ai 2° ie) 33 oon i t#itea Lio te. p eva) 


j 


) ct aor, yriit, rot ait 1 -S 
Tend Fi i guercs efay rs tral ai st 
iJodinre AA eat Aa Saee 
j ek nt 
(an Sz win a BM | 4 au Sie trny a ‘ 
uta sar ete dali vee) ink sed 
ys at on oe 
ro JOLT Sewer nga, tor cigs ae fai 19 
lL oh ooine r ug rien te. oats ott 
‘if utins ponte as bewahoeeke 72 A a, pt ot 
WAS 1). Ciby ay ba Sewn am Lhe sii “al vee A i . 
6 Ly of) drtoire ee sur as wus 
4 5 
wert . 10 MM i ‘ sOD.eew £ ak oe b 28 Lory, pa Ht skates 
i] ‘ fy ae | Sa @) . bi % r 
mr a 
f 
it ¥¢ ‘ ' . ’ 


enw 29le Selon pan talsctalicei ign * es 0 ses 


i. uty) 


1 | 7 
: A gO) A Ovitce >Riogucam Setiueg To nad, isan sire v 
a Tr 7 ve 
im’ A iy 74.002 typed: sre gem ids sheaanit 
¢ 


a 


- can Qetsusins . eruail OF ai wort wb a eg Ms 
ne a 7 


‘ a g of 2 * 7 Lastnilieats Fea Po] mods a meee Beg 
oo. ih ag ih 
rd  - i Bie Makes , 2 Le . 41.° 


Accumulated *H-TdR cpm 
(ete) 
Accumulated BrUdR + *H-TdR cpm 
(Se 10m °) 


0 Ze 50 75 100 


Hours 


Figure lla. The culture effects of 5-Bromo-2'-deoxyuridine - 
Long term label incorporation. 

Thymocytes were cultured in 4.5 pg / ml Con A medium at 2 x 10° 
cells / ml. At 21 hours, cultures were brought to 4 uM TdR + 4 mM °H- 
TdRotrox tons uM BrUdR + 4nM 79H-TdR ( A ). The accumulation of 
tritium in acid insoluble thymocyte material was monitored at the 


times indicated. 
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Figure 1lb. The culture effects of 5-Bromo-2'-deoxyuridine - 
Short term label incorporation. 
Thymocytes were cultured in 7.5 ug / ml Con A medium at 2 x 10° 
cells / ml. At the times indicated, the rate of nucleoside 
incorporation into acid insoluble material was established using 3 


hour pulse labels of 10 uM °H-TdR (0 ) or 10.3 ~M °H-BrUdR ( A ). 
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Figure 12. The effects of 5-Bromo-2'-deoxyuridine on thymocyte DNA 
stability. 

Thymocytes were cultured in 4.5 ug / ml Con A medium at 2.3 x 10° 
cells / ml. Thymocytes were labeled with 4.1 nM °H-TdR from 0 to 38 
hours. From 38 hours onwards, cultures contained either 4.1 uM BrUdR 
( 4 ), no BrUdR ( o ) or 4.1 uM BrUdR from 38 to 50 hours then no 
BrUdR to 156 hours (+ ). At the times indicated, the retention of 
tritium in the acid insoluble form was averaged from triplicate 


cultures’, 
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Acid Insoluble *?P cpm (x 1073) 


Hours 


Figure 13. The effects of 5-Bromo-2'-deoxyuridine on the 
incorporation of **P into acid insoluble thymocyte 
material. 

Thymocytes were cultured in 4.5 ug / ml Con A medium at 3 x 10° 
cells / ml. At 24 hours, thymocytes were isolated by centrifugation 
( 95 g for 7 minutes ) then recultured under the same conditions in 
fresh Con A medium. At 30 hours, cultures were brought to 0.47 uCi 
22P 7) plate lr 0.47) Cl. Pe / amie 4a ieerudes(@o.)..) lhe 
accumulation of **P in acid insoluble thymocyte material was 


established at the times indicated. 
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The data displayed in table 2 indicates that the presence of BrUdR 

does not alter the ratio of the different classes of acid insoluble 
phosphorylated molecules within Con A stimulated thymocytes ( Methods 
section III.2.1 ). Pronase treatment solubilizes most acid insoluble 
protein. Organic extraction removes lipid material from the cell 
lysate. Alkali treatment solubilizes ribonucleic acid and DNAase 
treatment solubilizes deoxyribonucleic acid. It is evident that the 
presence of BrUdR does not alter the relative amounts of phosphorylated 
material associated with the protein, lipid, RNA or DNA fractions of 


thymocyte lysates. 


eb. Sr Applications of 5-bromo-2'-deoxyuridine to the study of 
Cell cycle kinetics 


I1I.3.2.1 5-Bromo-2'-deoxyuridine-containing DNA An example 
of the effect of incorporation of BrUdR into thymocyte DNA on 


equilibrium density centrifugation analysis is shown in figure 14. 
Incorporation of BrUdR into one strand of the DNA double helix yields 
a hybrid ( H/L ) density of 25 - 30 mg / cm® greater than the native 
( L/L ) thymocyte DNA. Incorporation of BrUdR into both strands of 
the DNA double helix yields a maximal ( H/H ) density of 50 - 55 mg 

/ cm greater than native DNA. 

Investigation of whether BrUdR was being incorporated into 
thymocyte DNA semiconservatively was performed as follows: The cell 
lysate of the 40 - 50 hour *"C-TdR labeled sample of section II1.3.2.2 
was halved. One half was prepared for density equilibrium analysis as 
described. The second half was combined with Tris - EDTA ( total 
volume of 4 ml ) and denatured at 95 °C for 5 minutes. The cesium 


chloride was added and the equilibrimm density analysis was performed. 
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Thymocytes were cultured at 2.2 x TO°scelis / tiene A sSatcu yeu 
Con A medium. At 22 hours, cultures were brought to either 0.25 uCi 
*2p / mi + 9.5 UM BrUdR or 2.4 uC “PB / mil alones mito. hourse 
thymocytes were isolated from cultures of each label, washed once 
in 0.15 M sodium chloride then suspended in 0.5 ml of sodium 
chloride. These suspensions received 0.05 ml of 1.4 x 10° cpm / ml 
°H-labeled T7 DNA to act as an internal DNA standard. The suspensions 
were lysed and exposed to the fractionation procedures of section 
IIIl.2.1. The data which appear in parentheses indicate the fraction 
of the acid insoluble **P or *H cpm remaining after each sample 


treatment. 
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Tablewz. 


5-Bromo-2'-deoxyuridine Effects on Phosphorylated Macromolecules. 
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Figure 14. Equilibrium density centrifugation analysis of 5-Bromo- 
2'-deoxyuridine-containing thymocyte DNA. 

Thymocytes were cultured in 4.5 ug / ml Con A medium at 3 x 10° 
cells / ml. At 45.5 hours, thymocytes were isolated by centrifugation 
( 435 ¢ for 5 minutes ) and recultured ingresh Cony medium 
containing 3.75 uM BrUdR. The culture was labeled with 100 nM 3H- 

TdR from 55.5 to 56.5 hours, then exposed to the DNA density analysis 
procedures of sections III.2.2 and III.2.3. The resulting cesium 
chloride gradient profile is expressed as acid insoluble °H cpm per 
fraction ( 0 ) and acid insoluble ™@ comeper tracticnm( em ine 

*"C cpm DNA was prepared separately as a native density ( L/L ) 
thymocyte DNA marker ( 1.700 g / cm® ). The hybrid density ( H/L ) 

°H DNA has a density of 1.727 g / cm? and the high density ( H/H ) 

°"H DNA has a density of 1.753 g / cm. 
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The heat denaturation of the hybrid density DNA ( H/L ) of figure 15a 
yields a total separation of the BrUdR-containing single strand from 
the complementary light single strand (PLteure Usb. A density = 80 = 
100 mg / cm* ). This indicates that BrUdR participates in semiconserv- 
ative DNA replication and does not induce a Significant amount of 
unscheduled DNA synthesis ( repair Synthesis ) in thymocytes. 
I1I.3.2.2 Recycling of thymocytes during Con A stimulation 

Con A stimulated thymocyte cultures were divided into three 
aliquots, one of which was brought to 0.78 uM !"C-TdR for each of 
the time periods 0 - 25 hours, 25 - 40 hours or 40 - 50 hours. At 
the end of each labeling period, the appropriate culture was centri- 
fuged and the cell pellet was resuspended in the original volume of 
fresh Con A medium. Culturing was continued to 55 hours at which time 
all cultures were brought to 4.1 uM BrUdR and 21 mM °H-TaR. Culturing 
was continued to 65 hours at which time the three aliquots were 
subjected to the DNA isolation and analysis procedure described 
previously. 

The data of table 3 indicates that none of the !"C-TdR incorpor- 
ated in the first 25 hours of culture is shifted to the hybrid density 
position in the 55 - 65 hour BrUdR labeling period. However, sample B, 
which incorporated **C-TdR from 25 - 40 hours, and sample C, which 
incorporated *"C-TdR from 40 - 50 hours, both exhibited hybrid density 
*"C cpm upon incorporation of BrUdR from 55 - 65 hours. This result 
indicates that thymocytes involved in DNA synthetic activity during 
the first 25 hours of culture do not participate in the Con A induced 
DNA synthetic activity of the 55 - 65 hour period. Some of the 


thymocytes responding to Con A stimulation of DNA synthetic activity 
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Figure 15a. Incorporation of 5-Bromo-2'-deoxyuridine into replicating 
thymocyte DNA - Density analysis of duplex DNA. 
Thymocytes were cultured in 4.5 ug / ml Con A medium at 2.7 x 
10° cells / ml. At 40 hours, the culture was brought to 0.78 uM ?4C- 
TdR. At 50 hours, thymocytes were isolated by centrifugation ( 195 g 
for 7 minutes ) and recultured in fresh Con A medium. At 55 hours, 
the culture was brought to 4.1 uM BrUdR + 21 nM °H-TdR. At 65 hours, 
the culture was exposed to the DNA density analysis procedures of 
sections II1.2.2 and III.2.3. The resulting cesium chloride gradient 
profile is expressed as acid insoluble °H cpm per fraction (0 ) 
and acid insoluble *"C cpm per fraction ( A ). The native density 
7*C-DNA appears at 1.710 g / cm® and the hybrid density ?"C and 3H- 


DNA appear at 1.735 g / cm®. 
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Figure 15b. Incorporation of 5-Bromo-2'-deoxyuridine into replicating 
thymocyte DNA - Density analysis of heat denatured DNA. 

The thymocyte DNA analysed was taken from the cultures described 

in figure 15a. Prior to the analysis, the DNA was heat denatured 

( 95 °C for 5 minutes ) in 4 ml of 50 m™ Tris - 10 mM EDTA. The 

cesium chloride gradient profile is expressed as acid insoluble °H 

cpm per fraction ( o ) and acid insoluble '*C cpm per fraction (A ). 

The native density *"C-DNA appears at 1.735 g / cm® and the BrUdR- 


labeled *H-DNA appears at 1.811 g / cm’. 
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Table oO. 


Recycling of Thymocytes during Concanavalin A Stimulation. 


1 CTR) label 


(hours ) 


Native Density Hybrid Density 


eee eG cpm 


Thymocytes were cultured at 2.7 x 10° cells / ml in 4.5 ug / ml 
Con A medium. Cultures were labeled with 0.78 uM !"C-TdR for the 
tine perrods of 0 °-"25 hours "(AP ys 125 40 hours (oR, )) or 40050 
hours ( C ). At the end of each labeling period, the thymocytes 
were isolated by centrifugation ( 195 g for 7 minutes ) and recultured 
in fresh Con A medium. At 55 hours, all cultures were brought to 
4.1 uM BrUdR and 21 nM °H-TdR. At 65 hours, all cultures were 
harvested and exposed to the DNA density analysis procedure of 
sections III.2.2 and III.2.3. The data in parentheses indicate the 
fraction of the total '*C cpm per gradient found in each density 
position. Hybrid density *“C cpm represents the passage of thymocyte 
DNA through S-phase during the *"C-TdR labeling period followed by 
passage of the daughter DNA through S-phase during the BrUdR labeling 
period. This is direct evidence of thymocyte cycling during Con A 


stimulation. 
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in the 25 - 50 hour culture period do participate in the 55 - 65 hour 
DNA synthetic period. Thus, thymocytes can pass through at least two 
S-phases as a result of Con A stimulation. 

ITT.3.2.3 Absolute amounts of recycling thymocyte DNA 

Con A stimulated thymocyte cultures were labeled with 2H-TdR at 
35 hours. At 36 hours, the cultures were centrifuged and resuspended 
imhalf the original volume of fresh 37 °C Con A medium and divided 
into 8 aliquots. At 40 hours, these subcultures were brought to 4.4 
uM BrUdR. Individual aliquots were harvested at 42, 44, 46, 48, 51, 
55, 60 and 65 hours. After cell lysis each aliquot received an equal 
volume of *"C-TdR labeled thymocyte DNA designed to act as an internal 
recovery marker. All samples were exposed to the DNA isolation and 
analysis procedures described previously. 

The data of table 4 indicate that, of the *H-TdR-labeled DNA 
which was still present at 65 hours, 75% had shifted to the hybrid 
density position of the gradient profile upon BrUdR incorporation. 
Normalization of the tritium cpm with the internal !"C-TdR-labeled 
DNA standard indicates that the absolute fraction of 3H-TdR incorpor- 
ated from 35 to 36 hours which was shifted to hybrid density was 0.67 
after 20 hours of BrUdR labeling ( figure 16 - data taken from table 
4 ). This fraction of 0.67 is interpreted as the growth fraction of 
Con A stimulated thymocytes active at 35 hours. This means that 67% 
of the thymocytes synthesizing DNA at 35 hours have entered a subsequent 
S-phase by 65 hours. The remaining 33% of the thymocytes have not 
cycled. It is evident from the loss of total acid insoluble tritium 
cpm throughout the experiment ( figure 16 ) that some thymocytes 


which were synthesizing DNA at 35 hours, die in culture resulting in 
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Thymocytes were cultured in 5.2 ug / ml Con A medium at 3.5 x 
10° cells / ml. The cultures were labeled with 42.9 nM °H-TdR at 35 
hours. At 36 hours, the thymocytes were isolated by centrifugation 
( 150 © for 5 minutes at 37 °C ) and recultured in dresh 37 Getoam™ 
medium in 8 aliquots. At 40 hours, the subcultures were brought to 
4.4 uM BrUdR. One subculture was isolated at each of the times 
indicated. Each sample received an aliquot of separately prepared 
‘*C-TdR-labeled thymocyte DNA and the mixture was exposed to the DNA 
density analysis procedures of sections III.2.2 and III.2.3. The 
resulting cesium chloride gradient profiles were defined in terms 
of acid insoluble native density °H-DNA cpm and hybrid density °H- 
DNA cpm. The total ?*C-DNA cpm was also established. The data in 
parentheses indicate the per centage of the total °H-DNA cpm found 


at the native or hybrid density positions in each gradient. 


Table 4. 


Absolute Amounts of Recycling Thymocyte DNA 


Time from Native Density | Hybrid Density 


°H-TdR Exposure 3H cpm °H cpm 


(hours ) 


Total 

ST CAcom 
15,865 
Peek 6 
16,065 
17,404 
17,405 
16,003 
bBo rad 


#6057 


56 


il Gey 


9), 2 


i oe 
| : 
é ray 


J o 
. ee 


0 = Pi 


hath 
os ve 7 7 _ 
anagry wy = has 


Cab eee nes " 


ie 
pi Ci 


yn 


A 


} 


o 
- 


a) » © 
4 j aT 
- = 
oo: Noms 
ey) Le we: han 
av) a Goat 7 2 
nr 8 a ee 
i} 


ia) 


. 
J 

‘ 

t q 


ae 


A 


*Hecpm 7 2G epi 


0 6 i 18 24 30 
Hours from Initial 
°H-TdR Exposure 


Figure 16. Absolute amounts of recycling thymocyte DNA. 


This figure is a graphic representation of the data of table 4. 
The ratios of total °H-DNA cpm to total *“C-DNA cpm ( + ), hybrid 
density *H-DNA cpm to total *“C-DNA cpm ( A ) and native density 


°H-DNA cpm to total ?“C-DNA cpm ( o ) were calculated for each DNA 


sample analysed. 
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solubilization of their DNA. 
III.3.2.4 Mean thymocyte cycling time in response to Con A 

On the basis of a number of experiments comparable to that 
described in table 4, the mean thymocyte cycling time was found to 
be 12.5 + 1.5 hours. The mean cell cycling time is defined as the 
time required to reach half the maximal amount of hybrid density °H 
cpm. The cycling time of Con A stimulated thymocytes is quite hetero- 
geneous as seen in figure 16 ( the amount of hybrid density °H cpm 
increases over the 9 - 25 hour BrUdR labeling period ). 

II1.3.2.5 Thymocyte mitogen dependence Con A stimulated 
thymocyte cultures were brought to 3.75 ~M BrUdR at 15 hours. At 25, 
35 or 45 hours, 1/3 of the cultures received the following treatment: 
The cultures were incubated with 47 mM a-methylglucopyranoside ( oMG ) 
for 0.5 hours to competitively remove Con A from the thymocytes. The 
oMG-treated cells were recultured in fresh medium with BrUdR but 
without mitogen. At 55.5 hours all cultures were brought to 0.1 uM 
7H-TdR followed at 56.5 hours by exposure to the DNA isolation and 
sty sis procedures described previously. 

The DNA synthetic activity of thymocytes subsequent to the 
removal of Con A is described in table 5. Removal of mitogen at 25 
hours resulted in an 85% inhibition of the DNA synthetic activity of 
thymocytes responding to Con A at 56 hours. 

In this experiment, BrUdR labeling is continuous. Therefore, H/H 
density DNA represents participation of that DNA in at least one S- 
phase prior to the *H-TdR - BrUdR labeling period and the H/L density 
DNA represents the passage of the DNA through S-phase for the first 


time during the *H-TdR - BrUdR labeling period. All samples exhibited 
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Three samples of thymocytes were cultured in 4.5 ug / ml Con A 
medium at 3 x 10° cells / ml. All cultures were brought to 3.8 uM 
BrUdR at 15 hours. At 25 hours, one half of one sample was brought 
to 47 mM a-methylglucopyranoside ( oMG ) to remove Con A from the 
thymocytes. At 25.5 hours, the thymocytes of the oMG-treated and the 
control halves of the sample were isolated by centrifugation ( 150 g 
for 5 minutes ). Control thymocytes were recultured in fresh Con A 
medium and oMG-treated thymocytes were recultured in Con A free 
medium. Both cultures were returned to 3.8 uM BrUdR. The identical 
procedure was carried out on the remaining samples at 35 and 45 hours. 
At 55.5 hours, all cultures were brought to 0.1 uM °H-TdR. At 56.5 
hours, all cultures were harvested and exposed to the DNA density 
analysis procedures of sections 11.2.2 and Iii 2254 [he resulting 
cesium chloride gradient profiles were defined in terms of hybrid 
density ( H/L ) and high density ( H/H ) acid insoluble °H cpm. High 
density *H-DNA represents passage of thymocyte DNA through more than 
one S-phase during the 15 to 56.5 hour BrUdR labeling period. Hybrid 
density °H-DNA represents the passage of thymocyte DNA through no 
more than one S-phase during the same period. 

The data in parentheses represent the fraction of the total 3H 


cpm found in the hybrid or high density position of each gradient. 


Table 5. 


The Mitogen Dependence of Thymocytes 


Control Culture Hybrid Density High Density 


Wash Times °H cpm °H cpm 


(hours) 


Con A Removal 
Times 


(hours ) 
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an average ratio of H/H to H/L density DNA of 2.25. This ratio was 
independent of the time at which Con A was removed or the control 
culture washed. These data indicate that Con A is required only to 
initiate a response in thymocytes. More cells are brought into the 
response with longer mitogen exposure but once stimulated, thymocytes 
are capable of proceeding through at least two S-phases in the absence 
of Con A. It is also evident that thymocytes can respond to Con A 
stimulation for the first time subsequent to the removal of Con A 


from the culture. 


Il1.4 Discussion 

The BrUdR controls which were performed established that BrUdR 
can readily be incorporated into thymocyte DNA without altering the 
metabolism of either DNA or other macromolecules. Incorporation of 
BrUdR allows measurement of the actual rate of DNA synthesis in Con A 
stimulated thymocytes. It has been found that substitution of BrUdR 
for 100% of the thymidine residues in one strand of murine DNA results 
in a density of 48 mg / cm® greater than that of native murine DNA 
( Rownd, 1967 ). In this work, the density of hybrid thymocyte DNA 
was found to be, on average, 29 mg / cm°® greater than that of native 
DNA. Therefore, BrUdR substitutes for 60% of the thymidine residues 
during Con A stimulated DNA synthesis. The rate of incorporation of 
TdR was found to be 2/3 the rate of BrUdR incorporation, therefore, 
exogenous thymidine must be substituting for approximately 40% of the 
total thymidine residues. The rate of thymidine incorporation 
observed in the Con A stimulated thymocyte system is 50 pmoles / hour 


/ 10® cells which corresponds to an actual rate of 125 pmoles / hour 
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/ 10° cells. Assuming a 12.5 hour cycling time, 6.5 pg of DNA per cell 
( Sober, 1968 ) and 29% thymidine content of murine DNA ( Sober, 1968 ), 
the maximal rate of thymidine incorporation is 470 pmoles / hour / 10° 
cells. Thus, the observed rate of DNA synthesis is only 25% of the 
maximal value. 

It is assumed that 3 - 12.5 hour cell cycles occur between 
initiation of the Con A response ( 24 hours ) and the time of the 
maximal DNA synthetic response ( 60 hours ). If the growth fraction 
of thymocytes in response to Con A is 0.67, then there should be 
( 0.67 x 2 )* = 2.41 times as many Con A responsive cells at 60 hours. 
Since the DNA synthetic activity at 60 hours indicates that only 25% 
of the maximal activity is being attained, it can be assumed that 
only ( 0.25 / 2.41 ) x 100 = 10 - 15% of the thymocytes originally 


cultured were responsive to Con A. 


On test of a new analytical method is its agreement with the 
results of other established techniques. The BrUdR technique of cell 
cycle analysis produced a mean thymocyte cycling time of 12.5 + 1.5 
hours which is in agreement with the reported cycling times of 
antigen responsive cells ( 13 hours - Tannenburg § Malaviya, 1968 ) 
and PHA stimulated lymphocytes ( 14 hours - Lohrmann et al., 1974 ). 
The results of the BrUdR technique were also in agreement with 
several studies ( Gunther et al., 1974; Jones, 1973; Powell, 1970 ) 
reporting late involvement of mitogen in initiation of a response. 
Removal of Con A at 45 hours resulted in only 81% of the control DNA 


synthetic response at 56 hours. 
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The basic assumption germane to the application of the BrUdR 
technique to cell cycling kinetic studies of asynchronous cell 
populations is that DNA replication occurs in a reproducible, ordered 
sequence during each S-phase. Although this problem was not addressed 
in the thymocyte - Con A model system, the assumption generally 
appears valid. Replication of DNA in the early, middle and late 
portions of S-phase was shown to occur reproducibly in the slime mold 


Physarum polycephalum ( Braun § Wili, 1969 ), in the human Hela cells 


( Mueller & Kajiwara, 1966 ) and in E. coli ( Nagata § Meselson, 1968 ). 


This observation is of interest in the slime mold because the cell 
synchrony necessary for such a study is achieved naturally. The 
observation of ordered DNA replication in human Hela cells and E. coli 
is of interest because of the close relationship between human and 
murine cell systems and the fact that the order of DNA replication in 
both eukaryotic and prokaryotic cell systems was conserved over 
several cell generations. These studies are taken as evidence for the 
existence of a well ordered, consistent DNA replicative sequence 
generally. 

The question of the conservation of cell cycling times from parent 
to daughter cells also arises from this study. Unfortunately, the 
BrUdR technique of cell cycle analysis is unable to answer this 
question directly because the cycling of a sample of DNA may be 
followed through no more than two subsequent S-phases. However, the 
observed heterogeneity of Con A stimulated thymocytes cycling times 
may be taken as evidence for a limited random selection of cycle 
times for each daughter cell. Assuming that the cycle time of each 


daughter cell was inherited, an experiment of 50 - 60 hours duration 
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would select for those cells exhibiting the shorter cycle times. In 
fact, the mean cell cycle time of Con A stimulated thymocytes tends 

to increase rather than decrease as the time of analysis is delayed 

( at 35 hours, thymocytes cycle in 12.5 hours; at 42 hours, thymocytes 
cycle in 14 hours ). Therefore the observed heterogeneity of cell 
cycle time best fits a model of a cell population exhibiting a 
conserved order of DNA replication and a limited random expression of 


cycling times from generation to generation. 


In conclusion, the BrUdR technique of cell cycle analysis proved 
successful in the analysis of Con A stimulated thymocytes. The 
technique yielded such information as the presence of cell cycling 
in the population, the mean cell cycling time, the heterogeneity of 
cycling times, the growth fraction of the cycling population and the 
ability of stimulated cells to cycle or to initiate a response to 
mitogen after removal of the mitogen. Chapter IV will discuss 


applications of this technique to other cell systems. 


saad Ohoy reads BHF s fea 2 
shat eaneouyt? bate lankee A Ce 
boyitel si afeviens to anty wt on saletal 
USN , ews o> Je penot 2.22 We ied allt hs 
[igo to “chisengoisiat her meade eae RMT TR ste 

G RAED. GOL k age a Yo tte ean oe 
Yo gorvestine mmpas4 stall cl BR Dw er Pieper a ae 


rN fem sloyoalle> x0 istic ated acid vost abi | 
nowiels berglontite "& apo ae diegtine wit at f 
1ietoy) Llaa “wes14 oft ae ack talekte eis 


, ? 


a PN? aa ; 
a0 -TL eS OF Jabpttes ‘eho ha 


CHAPTER IV 


APPLICATIONS OF THE 5-BROMO-2'-DEOXYURIDINE J ECHNIQUB OF CELL CYCLE 


KINETIC ANALYSIS IN OTHER CELL SYSTEMS 


IV.1 Introduction 

The technique of monitoring cell cycle kinetics by incorporation 
of BrUdR was applied to two additional cell systems. It has been 
established ( Teh § Paetkau, 1974 ) that an in vitro elevation of 
cyclic adenosine monophosphate ( cAMP ) levels in murine spleen cells 
during the first 12 hours of exposure to sheep red blood cells ( SRBC ) 
results in an increase of the response of the spleen cells Specitic 
to that antigen. The response of SRBC-specific Spleen -cells-is 
secretion of antibody which is specific for SRBC. It became evident 
that the action of cAMP was to block the proliferation of a subpopula- 
tion of spleen cells responsible for the repressive control of this 
immune response. Supression of these repressive cells resulted in a 
net increase in the SRBC-specific cell mumber. This increase in cell 
number, however, could be explained by either a decrease of the 
doubling time of the SRBC-specific cell population to 6 - 7 hours 
per generation or recruitment of passive, SRBC-specific spleen cells 
into an active, antibody-secreting state. The answer as to which of 
these models was correct was sought by attempting to establish 
the minimum contribution of proliferation to the increase in the 
SRBC-specific spleen cell numbers. The BrUdR technique, which is a 
direct technique for studying the cell cycling of subpopulations 


within complex cell populations, was applied to this problem. 


65 


a0 ae 20 a mae eee 


morsanapacidh yd aisorndd Shove £fas saiviitnn 9h 
aosd ens 3) eueteNe tas Sane Bi Zi OR GAR OF bectns mate” 
er Pay 4) ekwe nesinptcsalat 
(ies naetee oni nat ab giswel ft AMY ad atqpangonon. 
souls aye Addgeg to wade fit ges 

yun! fs hee hor ae he aoe 

(qe si tape ae “ro yaeinoeraey ath 

trsht % .4nansl oa iit 202 SLeess a a4 aki. ona 
unogels j ootte etfomp ade aoa EO, ee ee 


251) i oO} Se Bos ATA Rar gta 


; ae ie 


ei iva: PU LARSTIRT/oaee aoe cage xt 

{is> ni -saietout-«i4T .radmin ae obigede “Digi at 
iyo sone 5, Taio a bonigins of tiles am 
wet? pot mortal Thos whe: Sine nity. paeatske 


eifes meelie otiagete - Xe ev ieee 20 Bare As Cites Th? 


=f 


to dolilol 26 revem ait .oitite gatioxioe- (Satine pe 

net iceras-o2 cna é] 3duvoe 2h caeTits eaw a 

ait nt vets sdad ott ot, witarstidery to a Reokatigeli ce 
ssh a5ity hap: ise Wien abn PTSo Heahee 2 

augize ligase to.anilage lic ails eit +o ne 


-" seit, £id7' oF : MBO, Lies. 


aE ye ea ie 


66 


The BrUdR technique examines, at the DNA level, the range of 
cycling times of the cell population being studied. At the height of 
a primary immune response to SRBC, the DNA synthetic activity 
indicates that 1 - 5% of the viable spleen cells are synthesizing 
DNA. At the same time, however, only 0.1 - 0.5% of the viable spleen 
cells exhibit SRBC specificity. This implies that the majority of 
the DNA synthetic activity is not associated with spleen cells 
exhibiting SRBC specificity. If SRBC-specific spleen cells do have 
a cycling time of Be 7 hours, it would be difficult to resolve such 
data from the longer cycling time of the majority of proliferating 
spleen cells. However, BrUdR analysis of a spleen cell population, 
selected on the basis of SRBC specificity, would insure that the 
cycling time of SRBC-specific spleen cells would be the major 
contributor to the mean cell cycling time observed. Thus, the 
possibility that SRBC-specific spleen cells exhibit an unusually 
short cell cycle time could be examined in spite of the cycling of 


the majority of spleen cells. 


The cycling of murine myeloma cells was also studied. Myeloma 
cells double every 16 hours. The BrUdR technique of cell cycle 
analysis was applied to this cell system to establish whether the 
cycling time obtained from BrUdR incorporation agreed with the 


apparent doubling time from direct cell counts of the myeloma culture. 


IV.2 Methods 


IV.2.1 The murine spleen cell system 
IV.2.1.1 Basic culturing techniques Spleen cells were 
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obtained from CBA/J male mice ( at least 10 weeks of age ) by 
passage of minced spleens through fine stainless steel mesh into 
culture medium. The culture medium used was that of section I1.2.4.1 
with the concentration of 2-mercaptoethanol increased to 30 uM. The 
spleen cell suspension was allowed to settle for 10 minutes to remove 
connective tissue and cell clumps. The suspension supernatant was 
centrifuged at 250 g for 7 minutes. The cell pellet was resuspended 
in fresh medium and enumerated in terms of viable nonerythroid cells 
/ ml on the basis of 0.15% eosin Y exclusion. The cell suspension 
was diluted to 1 x 10’ viable nonerythroid cells / ml with medium, 
sheep red blood cells ( SRBC ) washed twice with medium were added 
to a final concentration of 0.02% and the suspension was poured into 
petri plates at 2 x 10° lymphoid cells / cm?. N®°,0?'-dibutyryl-adeno- 
sine-3'-5'-cyclic monophosphate ( dbcAMP ) was added to test plate 
cultures to 1 mM. After 12 hours of ancubationeat 37 °C, 10% carbon 
dioxide in air atmosphere and 100% relative humidity, the dbcAMP and 
control cultures were centrifuged at 400 g for 10 minutes. The cell 
pellets were suspended in the original volume of fresh medium and 1 
ml Mishell-Dutton cultures ( 1967 ) were established in 35 mm petri 
plates. Cultures were returned to the original culture environment 
and were rocked at 3 - 4 oscillations per minute. At 24 hour 
intervals, each culture received 0.1 ml of the following nutritional 
cocktail: 1 ml of 50x essential amino acids, 0.5 ml of 100x non- 
essential amino acids, 0.5 ml of 200 mM glutamine, 70 mg of Eagle's 
Minimal Essential Medium powder, 100 mg of sodium bicarbonate, 100 
mg of dextrose, 1 ml of fetal calf serum ( heated to 56 °C for 30 


minutes ) and 7 ml of water. 


yiad td e5tornim OL aaa diiss52 ob cereatta fey Oke 
Tiwi treet: ni enage ve RM os ol cite 
wages29tizew. Salley tes Bre Fi cout Re se ae 
3 vraton sldpey mo aNeee te Sst a 
oreye Ife att .forewioeeen ikeee w2L,0 ig aval 
aattinta \. alles: bicteanen oniehy tor ¥ Pa 
sw mechan (Uti, sa iwanae eas is & ee) zileo boold 
niog 2a noleasyebe ods Ertl 6) ‘s ia ehreasmeono f 
2. iec ais F9'% esta 


‘a 


f ie COT SBCU SI mia Vy 


Nise Dh = ae 4 een ceased ay pees ase SOG ‘ ah) <eghigeeentehis 

i bed oe. 

c(t | asucncm UP rot arog 3 Sue Esse 

ic guibom Azayv: 20 amjley Ienrosro ial te ‘aaiiiine oe ba 
fydoad pn 20. bateciteses Stow.( vei ) eat ho tbat Tat 
Lorne rivns sus i2 Gaetoceo’- ots »od, ba ia ok ane nie 2 
tual bon, Jaton tog enstisiliiogg Ss = Sige sane ness 


pas 


enorsixsur-aiiwolies ems Ts Inet 0, eerieoes SHIT ORR y 


a | 


“mor avG! to fn &.0 clits: obi *6itmeges 202 Se ae oe 
fi io og? 40>, antnginia Me a to tit €.0 Gh cas ring £ 
trussed millloe tao OOL eae martial Inttapaed.f. 7 -, 
eek O° 82 ot Sa uae iin Manat Se Rae ia z 


s pepe Yo oe Mk ean 
sl Ppa 


68 


IV.2.1.2 The Cunningham plaque assay At the desired times, 


triplicate spleen cell cultures were washed with 0.15 M sodium 
chloride into small plastic conical reaction tubes. The cultures were 
centrifuged at 400 g for 5 minutes, washed in 2 ml of 0.15 M sodium 
chloride and suspended in 0.5 ml of 0.15 M sodium chloride. An assay 
mixture was prepared consisting of 0.01 - 0.05 ml of the spleen cell 
suspension, 0.04 ml of washed 10% SRBC, 0.08 ml of Mishell-Dutton salts 
( M-D ) solution ( 1 g of dextrose, 60 mg of potassium phosphate - 
monobasic, 190 mg of sodium phosphate - dibasic, 10 mg of phenol red, 
400 mg of potassium chloride, 8 g of sodium chloride, 140 mg of 
calcium chloride, 200 mg of magnesium chloride and 83 mg of magnesium 
sulfate per liter of water ) and 0.04 ml of 20 mg / ml guinea pig 
complement in M-D solution. This mixture was pipetted between two 
glass microscope slides, the slides were sealed with wax and 
incubated at 37 °C for 1 hour. Plaques or clear areas in the SRBC 
lawn containing a central cell as viewed under a 25x dissecting 
microscope were assumed to represent spleen cells producing antibody 
exhibiting specificity for SRBC ( Cunningham § Szenberg, 1968 ). 
IV.2.1.3 DNA synthetic activity The DNA synthetic 
activity associated with the immune response was monitored at 12 
hour intervals by adding 0.1 ml of a 100 uM solution of °H-TdR to 
each plate culture 3 hours prior to the plaque-forming cell assay. 
The final °*H-TdR concentration was 9 uM with a specific activity of 
56 cpm / pmole. Incorporation of °H-TdR into acid insoluble material 
of aliquots of the washed spleen cell suspensions was quantified by 


the procedures of sections II.2.2 and I1.2.3. 
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IV.2.1.4 Rosette formation and ficoll gradient sedimentation 


Spleen cell-SRBC rosette formation was performed following the 
procedure of Elliot § Haskil] ( 1973: ), Spleen cell cultures were 


pelleted and washed once in M-D solution. The number of viable cells 


was estimated and a 5 fold excess of M-D solution-washed SRBC was added. 


The suspension was centrifuged at 100 g for 5 minutes and incubated 
on ice for 1 hour. The pellet was resuspended and the suspension was 
brought to 0.6% gluteraldehyde followed by a 20 minute incubation on 
ice. The resulting spleen cell-SRBC rosettes were exposed to al g 
velocity sedimentation through a ficoll gradient based on the 
procedure of Phillips § Miller ( 1970 ). The continuous gradient 
consisted of 0.35% - 1.5% ficoll in phosphate buffered sodium 
chloride ( 0.15 M ) pH 7.2. The sedimentation was performed in a 10 
cm diameter separation chamber at 4 °C with a total gradient volume 
of 500 ml. The rosette suspension was mixed with an equal volume of 
0.35% ficoll then layered on the surface of the gradient. After 6 
hours of sedimentation, 18 ml fractions were collected by pumping 
the gradient out from the bottom. 
IV.2.1.5 Viable cell separation by Lymphoprep centrifugation 

'' Lymphoprep centrifugation '"' ( Boyum, 1968 ) involves washing 
of the cells in Hepes buffered 0.15 M sodium chloride ( DH 7 5 Dy 
layering the cell suspension over 2 ml of Lymphoprep and centrifuging 
at 150 g for 10 minutes. Viable cells remain at the aqueous-Lymphoprep 
interface and the rosettes sediment to the bottom of the centrifuge 
tube with nonviable cells and SRBC. 


T¥.2.1.6 Carbonyl iron, Thy-1 and complement treatments 


Carbonyl iron was employed to remove the adherent, nonantibody- 
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producing population of spleen cells. The spleen cell suspension was 
incubated with 0.6 g of carbonyl iron for 30 minutes at 37 °C. The 
iron and adherent cells were removed from the suspension with a 
strong magnet following the procedures of Lee et al. ( 1975 ). 

Thy-1 serum and complement treatments were employed to remove 
the thymus-derived population of spleen cells which possess the Thy- 
1 cell surface marker. Spleen cell suspensions were incubated with a 
1/5 dilution of Thy-1 serum in medium for 30 minutes at 37 °C. The 
mixture was diluted several fold with medium and the cells were 
isolated by centrifugation at 400 g for 5 minutes. The cells were 
resuspended in medium containing 1/6 the serum concentration of 
guinea pig complement and incubated at 37 °C for 30 minutes. The 
mixture was diluted several fold with medium and the cells were 
isolated by centrifugation at 400 g for 5 minutes. Viable cells were 
isolated by Lymphoprep centrifugation. 

IV.2.1.7 Isolation of plaque-forming cells from agarose 
plate plaque assays Spleen cell cultures neve suspended in medium 
containing 0.5% agarose, 2% SRBC and guinea pig complement ( at 10% 
of the serum concentration ). The suspension was poured into petri 
plates so that the spleen cells would occupy, on average, 1 cell / 
mm* surface area. The plates were developed at 37 °C for 2 - 8 hours 
and cells producing plaques in the SRBC lawn were removed from the 
agarose by micromanipluation. The selected cells were transfered 
into Hepes buffered sodium chloride containing 0.02 0.D. of calf 
thymus DNA to act as a carrier. The cells were released from the 
agarose plugs with 5 - 1 second bursts ( maximum power ) of a 
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IV.2.2 The murine myeloma cell system 


IV.2.2.1 Basic culturing techniques The myeloma cells 
employed were from the collection of the Salk Institute. They are 


refered to as MOPC 21 ( IgG:K ) and were adapted to tissue culture 
( " P3 cells ' ). The clone used, M2, was obtained by the soft agar 
cloning technique 9 months prior to this study. 

Myeloma cells were cultivated in spinner flask cultures using 
Dulbecco's Modified Essential Medium containing 42 m™ Hepes buffer, 
pH 7.3, 100 I.U. of penicillin / ml and 10% fetal calf serum ( heated 
to 56 °C for 30 minutes ). All incubation was at 37 °C in a 100% 


relative humidity, 10% carbon dioxide in air atmosphere. 


LV eS Results 


IV.3.1 ‘The murine Spleen) cell system 
IV.3.1.1 Analysis of the in vitro spleen cell immune 


response The data of figure 17 describe the time course of the 
response of dbcAMP-treated spleen cells to SRBC. The parameters 
measured were SRBC-specific plaque-forming cell numbers and the 
incorporation of exogenous thymidine into an acid insoluble forn. 
It is evident that a significant period of DNA synthesis precedes 
the appearance of spleen cells producing antibody specific for SRBC. 
IV.3.1.2 Selection for spleen cells producing antibody 
specific for SRBC An SRBC stimulated spleen cell culture was 
exposed to the techniques of rosette formation and cell sizing on a 
ficoll gradient ( section IV.2.1.4 ) after 2 hours of labeling with 
°*H-TdR. Aliquots of each fraction isolated from the ficoll gradient 


were counted on a model B Coulter counter. The remainder of each 
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Figure 17. Time course of the response of murine spleen cells to 
sheep red blood cells. 

Spleen cells + 0.004% SRBC were exposed to 2 mM dbcAMP for 10 
hours, then recultured in 1 ml aliquots of fresh medium at 1 x 10’ 
spleen cells / ml. At the times indicated, quadruplicate cultures 
were labeled for 3 hours with 9.1 uM °H-TdR. At the end of the 
labeling period, the cells were isolated by centrifugation ( 400 g 
for 5 minutes ), washed once in Mishell-Dutton solution and suspended 
in 0.5 ml of Mishell-Dutton solution. The rate of thymidine 
incorporation into acid insoluble material ( 0 ) was established 
using 0.4 ml of each suspension. The number of plaque-forming cells 


per culture ( A ) was established using the technique of section 
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fraction was analysed for acid insoluble tritium incorporated. The 
ficoll gradient profile of glutaraldehyde fixed rosette-forming 
spleen cells appears in figure 18. 

The extent of selection for viable cells, plaque-forming cells 
and rosettes by multiple Lymphoprep centrifugations of SRBC-stimul- 
ated spleen cells is described in table 6. Rosette formation ( with- 
out glutaraldehyde fixation ) by a viable spleen cell population 
followed by a Lymphoprep centrifugation resulted in a UP oiay ames Wel 
selection for SRBC-specific spleen cells in terms of viable cells 
per plaque-forming cell. This selection for SRBC-specific spleen 
cells could not be enhanced by a second Lymphoprep centrifugation. 

The extent of the selection for plaque-forming cells and 
proliferating cells by treatment of SRBC stimulated spleen cells 
with carbonyl iron, Thy-1 serum and complement is described in table 
7. These treatments did significantly decrease the total number of 
viable cells in the spleen culture. However, the number of viable 
cells / plaque-forming cell increased, indicating that the net result 
was not the desired selection for SRBC-specific plaque-forming cells. 

All of these attempts to select for SRBC-specific spleen cells 
did not result in a sufficient increase in the plaque-forming cell / 
total lymphocyte ratio. Therefore, analysis of SRBC-specific spleen 


cell cycling, using the BrUdR technique, was not possible. 


TV.3.1.5 The effects: of imcomoration of 5-bromo-2'-deoxy- 
uridine, high specific activity tritiated thymidine and **P on plaque 


formation The rate of incorporation of exogenous BrUdR and TdR into 
acid insoluble spleen cell material was monitored by exposing dbcAMP 


and SRBC-treated spleen cell cultures to °H-TdR and *H-BrUdR then 
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Figure 18. Ficoll gradient analysis of rosette-forming spleen cells; 
Spleen cells were cultured at 1 x 107 celts / mizwath 05027 
SRBC in the Mishell-Dutton culture system for 95 hours. At that time, 
cultures were labeled with 14.8 uM *H-TdR then isolated by 
centrifugation ( 435 g for 5 minutes ) at 97 hours. Cells were washed 
once in Mishell-Dutton solution then suspended in phosphate buffered 
sodium chloride. The cell suspension was exposed to the rosette 
formation procedures of section IV.2.1.4 then layered on a 500 ml 
0.35% - 1.5% ficoll gradient pH 7.2. Sedimentation at 1 g was 
performed at 4 °C for 6 hours then 18 ml fractions were pumped out 
from the bottom. Duplicate aliquots of each fraction were diluted 
10 fold with 0.15 M sodium chloride then analysed with a Coulter 
counter in the eaters of Zap Isoton ( A ). The acid insoluble 
thymidine incorporation of the remainder of each fraction was 
established ( 0 ). In spite of the presence of Zap Isoton, whole 


SRBC were observed in the fractions 20 through 25. 
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monitoring for incorporation of tritium into an acid insoluble form. 
The rates of incorporation were 7.3 pmoles of TdR / 10° viable cells 
/ hour and 10.4 pmoles of BrUdR / 10° viable cells / hour. . 

The effects of incorporation of BrUdR on spleen cell plaque 
formation was studied by labeling spleen cell cultures with BrUdR 
and adding 2'-deoxycytidine ( CdR ) to half the BrUdR-treated cultures. 
Plaque-forming cell assays of control, BrUdR treated and BrUdR plus 
CdR-treated cultures were performed. The results in figure 8a indicate 
that incorporation of BrUdR results in a 50% inhibition of plaque 
formation after 24 hours. This inhibition is not at the level of 
cytidine metabolism ( Meuth § Green, 1974 ) since the presence of CdR 
does not reverse the inhibition. 

The effect of incorporation of high specific activity *H-TdR on 
viable cell numbers and plaque-forming cell numbers was studied as 
follows: SRBC-treated spleen cell cultures were labeled with °H-TdR 
( 20 Ci / m™ ) in either their own conditioned medium or in fresh 
medium, Plaque-forming cell assays were performed on the cultures 
after removal of the *H-TdR from culture. The results in table 8b 
indicate that a 3 hour incorporation of saturating levels of high 
specific activity °H-TdR yields a 70% inhibition of plaque-forming 
ability after 12 hours and an 80% inhibition after 24 hours. It is 
evident that a portion of the inhibition is due to the handling of 
the cultures as seen from the '' no handling '"' controls but the effect 
of °H-TdR itself is significant. The use of conditioned medium for 
reculture does not significantly reverse the inhibition. 

The effect of incorporation of **P on viable cell numbers and 


plaque-forming cell numbers was studied as follows: A variety of °?P 


~ ie. | ; ; oe ute a - 5 re 


meer oldala ind Bise b otat map is ‘Ye, poi pee 


erfes eivary ick Mf Ap zeta t.\ raw dist 
sagan 


en 1 
, j ‘ vit , , 
‘+ % . [eee Si 
© <F 4 its ya | it Bi a 7 ae , St th LS) iu 
ot ; i - vik 
ie sige yn bode: \ Bolpur eam et 
ae od mar , " : 
/ 44 7 
+ eh) aVAGaD- 
, 7 ] « y, 
= (Pvek foo. aes diets 
a | m * ¥ Saf mney rey T fy Ae bat - 
“ my 
ha bert : 52 SOU fe aoitesoqrannt 
: mi On 
r ene uae io “pattie: mond: SINT: 
; - oun he 
itinatd 4 ade ayy 
r bay hee d weit A Ian 4 “a 
; : \ <4 7 
jo papel ae ents sertovert 
7 abe An 
™ : a o~ pS 
; aie sh © 9 ee iS; > Lotro j is! z ery a. ear 
7 j a 
v 
ae i K AOS C7 MSL ae xen 7 Ling af 
: ‘ 7 Sol s 
ry , a " _ : 
. Pwr ; ’ 7 j 
b er LS J os U rea “ Lt cas ee pain) a sa: Ne, aa } 
: ) Coats “ : ws 
in a) ae 5 
dean ee ee aed 
; 7 he : 
hs atts i ae ef 
wh nd vey es” a4 Taki 
40) ti! j 
i -_ a ra < ee OY ; 
t cyt Ss 2 mets mir “04's 
, ' 
ai ci sent 92 “cette see ie 200) (ie 
: 7 _ 


oe fi 


Sub 2 nbes 
oon es 


=) “a 


7 x 
or or xh dane aig 


7 rt = ( ee | 
podimat' frases igivs ro ee te 
* ye” ee 


a . 


: fs a 7 
(OLE 


‘inh oe i Si 
iy 


Table 8a. 


The Effects of 5-Bromo-2'-deoxyuridine on Plaque Formation. 


Plaque-forming Cells per Culture 


(10 uM BrUdR |10 uM BrUdR + 
43.3 uM CdR 


Culture 


Hours Gontrol 


Spleenycelils were culturedtatal 2500, “cells / ml an 1 1M 


dbcAMP medium with 0.025% SRBC. After 11 hours, the cells were 
isolated by centrifugation ( 435 g for 5 minutes ), suspended in 
fresh medium and cultured in the Mishell-Dutton system. At 70.5 
hours, some cultures were brought to 10 uM BrUdR, others were brought 
to 10 uM BrUdR + 43.3 uM CdR and the remaining cultures were left as 
controls. Triplicate cultures under each condition were analysed for 
plaque-forming cells at 82.5 and 94 hours. The data in parentheses 
indicate the per centage of the control plaque-forming cell number 


found in the test cultures. 
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specific activities were employed in labeling stimulated spleen cell 
cultures. Incorporation of **P into acid insoluble spleen cell material 
and plaque-forming cell analysis was performed at intervals after *?P 
addition to the culture. The results of table 8c indicate that the 
incorporation of **P into spleen cells is marginally detrimental to 
plaque formation and does not appear to be specific activity dependent 
in the range tested. 

IVs. 4eaCellncyeler kinetics (OL Spleen: cells iproducing 
antibody specific for SRBC The cell cycling of dbcAMP and SRBC- 
treated spleen cell cultures without selection for SRBC-specific 
cells was studied as follows: Routine cultures were labeled with °H- 
BrUdR. Aliquots were harvested from 6 to 24 hours after °*H-BrUdR 
addition. At each time point, individual cultures were prepared for 
the plaque-froming cell assay then pooled and prepared for equilibrium 
density centrifugation analysis as described in sections II1.2.2 and 
III.2.3. The cycling pattern of dbcAMP treated whole spleen cell 
cultures under SRBC stimulation is found in figure 19. The mean cell 
cycling time is 13 hours with an apparent cycling time heterogeneity 
of from 9 to 19 hours. The plaque-forming cell numbers increased from 
ATS pic / culture at 6Dihours tosiys0specgarculture.at 7/2 hours 117.4 
hour doubling time ). 

The cell cycle analysis of SRBC-specific spleen cells was 
attempted as follows: Several labeling schemes were employed including 
initial *H-TdR pulse labeling followed by continual BrUdR labeling or 
initial °*P labeling followed by continuous BrUdR labeling. SRBC- 
specific spleen cell selection was attempted using the agarose plate 


plaque assay technique of section IV.2.1.7. Cell cycle analysis 
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Figure 19. 5-Bromo-2'-deoxyuridine analysis of whole spleen cell 
culture cycling. 

Spleen cells were cultured at 1 x 10” -celts / mil wath 0202: 
SRBC and 1 mM dbcAMP. At 12 hours, the cells were isolated by 
centrifugation ( 435 g for 5 minutes ) and recultured in fresh 
medium in the Mishell-Dutton system. At 60 hours, the cultures were 
brought to 7.7 uM °H-BrUdR ( specific activity approximately 75 cpm 
/ pmole ). Cultures were harvested at the times indicated and 
exposed to the DNA density analysis procedures of sections III.2.2 
and III.2.3. The cesium chloride gradient profile of each time 
sample was divided into fully density labeled ( H/H ) °*H-DNA or 
hybrid density ( H/L ) °H-DNA. The ratio of H/H density °H-DNA to 
total °H-DNA x 100 represents the per centage of the cells synthesizing 


DNA which complete a cell cycle during the time of °H-BrUdR exposure. 
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involving a continuous *H-BrUdR labeling pattern in combination with 
the carbonyl iron, Thy-1 serum and complement treatments of the spleen 
cell population described in section IV.2.1.6 was also attempted. 

In spite of these attempts, the cycling time of SRBC- specific 
spleen cells has yet to be established. The numerous attempts at 
equilibrium density analysis of SRBC-specific spleen cell DNA failed 
to yield significant results. Often there was insufficient acid 
insoluble *H-DNA cpm in the gradients to determine the gradient 
profile. Incorporation of both high specific activity °H-TdR, which 
was required to yield sufficient label incorporation to allow 
equilibrium density DNA analysis, and BrUdR inhibited plaque formation 
such that the apparent doubling time of SRBC-specific cells was much 
greater than 7 hours. When **P was substituted for °H-TdR, 
equilibrium density analysis of the resulting DNA yielded a 


background level of **P which made gradient interpretation impossible. 


Ves: Z The murine myeloma cell system 
Ty.3.2.1 Growth properties The viability of myeloma 


cultures was always greater than 90% even in the higher cell 
concentrations ( greater than 1.5 x 10® cells / ml ), however, cells 
appeared very granular and exhibited significant cell surface 
irregularities at concentrations above 5 x 10° cells / ml. It was 
found that dilution of the cells to concentrations below 1 x 10° 
cells / ml retarded their ability to return to exponential growth 
phase. The upper plateau of the myeloma growth curve ( 2.5 - 3 x 10§ 
viable cells / ml ) does not appear to be a function of cellular 


nutrition since addition of the nutritional cocktail described in 
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section IV.2.1.1 did not raise the maximal cell concentration. These 
observations may be taken as evidence of medium conditioning by 
myeloma cells influencing their own proliferation. 

IV.3.2.2 Myeloma cell cycle kinetics A myeloma cell 
culture, growing in log phase, was diluted to 2 x 10° cells / ml and 
allowed to grow to 7 x 10° cells / ml. Cells were isolated by 
centrifugation, then recultured at 2 x 10° cells / ml in the original 
conditioned medium with ’*C-TdR. After 1 hour, the cells were 
recultured in another lot of the original conditioned medium at 4 x 
10° cells / ml. Cultures were harvested from 7 to 17 hours after 
addition of *"C-TdR. Each culture was labeled with BrUdR for 2 hours 
prior to harvest. Each culture was exposed to the DNA isolation and 
density analysis procedures of sections III.2.2 and III.2.3. 

Duplicate viable cell estimations of triplicate samples of 
selected cultures were performed after the 2 hours of BrUdR labeling. 
Control viable cell estimations were also performed on parallel 
cultures which either were not exposed to BrUdR or experienced 
continual BrUdR labeling from the time of removal of the !"C-TdR 
label from culture. The results of figure 20 indicate that myeloma 
incorporation of BrUdR for 2 or more hours had little effect on its 
apparent doubling time. The apparent doubling time of all the cultures 
was 14 hours. 

The results of myeloma cell cycle analysis by the BrUdR technique 
appears in table 9. Integration of the data of table 9 yields the 
fraction of incorporated ?*C-TdR which is shifted to the hybrid 
density position at each time point during the analysis of myeloma 


cell cycling. This data appears in figure 21. The mean cell cycling 
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Viable Cells / mi (x LO) 


0 5 10 Ls 20 
Hours Since Initiation of !"C-TdR Label 


Figure 20. Myeloma doubling time from direct cell counts. 

Myeloma cells were grown to 7 x 10° cells / ml. Cells were 
isolated by centrifugation ( 50 g for 10 minutes ) then cultured at 
29x, 10°-cells / mi in the original conditioned medium with 11.5 uM 
*"C-TdR. After one hour, the cells were isolated by centrifugation 
( 50 g for 10 minutes ) and recultured at 4 x 105 Cellice/ mlgan'a 
fresh lot of the original conditioned culture mediun. Some cultures 
were brought to 11.8 uM BrUdR one hour after !4“C-TdR addition Gree 
Other cultures were brought to 11.8 uM BrUdR two hours before 
harvest at the times indicated ( 0 ). Control cultures did not 
receive BrUdR ( + ). At the times indicated, triplicate cultures 


under each labeling condition were analysed for viable cells per ml. 
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Myeloma cells were grown to 7 x 10° celiis3/ mi. Cellist were 
isolated by centrifugation ( 50 g for 10 minutes ) then cultured at 
2x 10° cells / ml in the original culture medium with 11.5 uM ?"C- 
TdR. After one hour, the cells were isolated by centrifugation ( 50 
g for 10 minutes ) and recultured at 4x 10> celis / ml im @ tresn 
lot of the original culture medium. Cultures were brought to 11.8 
uM BrUdR two hours before harvest. Harvested cultures were exposed 
to the DNA density analysis procedures of section III.2.3. The cesium 
chloride gradient profile of each time point was defined in terms of 
hybrid ( H/L ) and low ( L/L ) density acid insoluble !"C-DNA. The 
per centage of the total acid insoluble **C-DNA cpm found at the 
hybrid density position represents the fraction of cells synthesizing 
DNA during !"C-TdR ie e nine which complete one cell cycle during 
each BrUdR labeling period. The data in parentheses is the per centage 
corrected for those cells which have cycled twice since the !"C-TdR 


labeling. 
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Table 9. 


Myeloma Cell Cycling 


BrUdR Labeling Per centage of the Total 
Time Acid Insoluble ?*C-DNA cpm 
( Hours after found at the Hybrid 
‘“C-TdR addition ) Density Position 
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Figure 21. 5-Bromo-2'-deoxyuridine analysis of Myeloma cell cycling. 
Myeloma cells were grown to 7 x 10° cells / ml. Cells were 
isolated by centrifugation ( 50 g for 10 minutes ) then cultured at 
2x 10° cells / ml in the original culture*mediim wath 1.5 ie a Ge 
TdR.« After one hour, the cells were isolated by centrisucations (750 

e for 10 minutes ) and recultured at 4 x 10°) cells.) mie insaetresh 
lot of the original culture medium. Cultures were brought to 11.8 

uM BrUdR two hours before harvest at the times indicated. Harvested 
cultures were exposed to the DNA density analysis procedures of 
section III.2.3. The cesium chloride gradient profile of each time 
point was defined in terms of hybrid ( H/L ) and low ( L/L ) density 
acid insoluble **C-DNA. The ratio of hybrid density !"C-DNA to total 
14C-DNA x 100 represents the per centage of the cells synthesizing 


DNA which pass through one cell cycle during the time since !“C-TdR 


labeling. 
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time from this data is 14.3 hours with a growth fraction of 102%. 


The apparent cycling time heterogeneity is from 8 to 18 hours. 


IV.4 Discussion 

It has become evident that direct application of the BrUdR 
technique of cell cycle analysis is incapable of answering the 
question of whether SRBC-specific spleen cells cycle with a mean cell 
cycling time of 7 hours as the plaque forming cell numbers indicate. 
At the height of the response to SRBC there are 1 - 5 x 10” 
proliferating spleen cells per 10° viable cells but only 1 - 5 x 10° 
plaque-forming cells per 10° viable spleen cells. Therefore, the vast 
majority of the proliferating cells are not SRBC-specific plaque- 
forming cells. The cycling time of SRBC-specific cells could be 
established by selecting for such cells, thereby making the SRBC- 
specific cells cycling time the major contributor to the mean cell 
cycling time found by the BrUdR technique. Such selection involves 
either the isolation of SRBC-specific plaque-forming cells or a 
reduction of the number of nonSRBC-specific spleen cells after BrUdR 
labeling but before analysis of the labeled DNA. 

Attempts at reduction of nonSRBC-specific cell numbers with 
carbonyl iron, Thy-1 serum and complement treatments proved 
unsuccessful. The reduction of viable cell numbers resulting from 
application of these techniques included a reduction in the number 
of functional plaque-forming cells. This involved either the death 
and remoyal of plaque-forming cells or simply the inactivation of 
antibody synthesis and secretion. The isolation of rosettes and 
viable cells through Lymphoprep centrifugation yielded the best 


selection for SRBC-specific cells, but this technique afforded only 
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a 5 - 6 fold increase over controls. The most straight-forward means 
of selection for plaque-forming cells involved micromanipulation of 
plaque-forming cells from the agarose plaque assay system. However, 
only a limited number of cells could be isolated from each spleen 
cell culture ( in the order of 200 - 500 cells ). This limitation 
required maximization of the incorporation of thymidine analogues. 
Such maximization exposed the major limitations of the BrUdR technique 
of cell cycle analysis, namely, that the incorporation of BrUdR and 
high specific activity °H-TdR into spleen cells inhibits their plaque- 
forming capabilities. This phenomenon of BrUdR inhibition of 
differentiated cell function has been documented in the spleen ‘cell 
system ( Dutton et al., 1960 ) as well as in several other cell 
systems ( Walther et al., 1974; Pettengill § Sorenson, 1974 ee 
Incorporation of high specific activity tritiated thymidine was 
required to yield DNA containing sufficient radioactivity to clearly 
define the DNA density profile. Substitution of °H-TdR by 32P 
eliminated the radiation inhibition but resulting cesium chloride 
gradients were not suitable for kinetic analysis. The BrUdR technique 
of cell cycle analysis does have definite limitations especially in 
differentiated cell systems, therefore, sufficient controls must be 
performed to assess the feasibility of the application of this 
technique to cell populations. 

The cell cycling analysis of whole spleen cell cultures yielded 
a mean cell cycling time of 13 hours. The apparent doubling time of 
SRBC-specific cells was 6 - 7 hours based on the increase of plaque- 
forming cell numbers. This may be taken as an indication that the 


actual SRBC-specific spleen cell cycling time is 13 hours and that 
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SRBC-specific cell recruitment may be involved in the increase in 
plaque-forming cell nunbers. Unfortunately, there remains the 
possibility that the true SRBC-specific cell cycling time was being 


masked by the majority of the nonSRBC-specific spleen cell cycling. 


Application of the BrUdR technique of cell cycle analysis to the 
murine myeloma cell system proved more successful. The use of 1™C-TdR 
for the initial pulse label did not effect the proliferation of 
myeloma cells. Myeloma cells readily incorporated BrUdR and there was 
no inhibition of myeloma cell cycling by up to 18 hours of BrUdR 
incorporation. 

It was important to establish whether the BrUdR technique of 
cell cycle analysis would yield cell cycle kinetic data comparable to 
the results of other techniques. The correlation of myeloma cycling 
as measured by the BrUdR technique ( 14.3 hours ) and direct cell 
counts ( 14 hours ) was excellent and the growth fraction was found 
to be approximately 100%. In addition, the BrUdR technique established 
that myeloma cells exhibit a significant degree of cell cycle time 


heterogeneity. 


In summary, the major points of this thesis are as follows: The 
analysis of BrUdR labeled DNA as a monitor of cell cycle kinetics is 
subject to several important limitations. The first limitation is the 
inability of the technique to establish whether a cell has passed 
through one or more than one S-phase during the time of analysis. 
This limits a quantitative analysis: of cell cycling to time points 


at which the data can only be a result of one cell cycle. The second 
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limitation is the possible inhibition of differentiated function of 
cells by the incorporation of BrUdR or °H-TdR. This inhibition can 
be minimized by employing short pulses of BrUdR, substituting ‘"C-TdR 
for *H-TdR and establishing whether the nucleosides alter the 
proliferative properties being studied. 

The BrUdR technique of cell cycle analysis did , however, give 
some very important information concerning the cell systems studied. 
In the myeloma cell system, the BrUdR technique did correlate well 
with the direct cell count method of monitoring cell proliferation. 
The BrUdR technique also established the mean cell cycling time of 
whole SRBC-stimulated, dbcAMP-treated spleen cell cultures to be 13 
hours. The failure of the technique to establish the mean cell cycling 
time of SRBC-specific spleen cells was mainly the result of an 
inability to isolate sufficient numbers of SRBC-specific cells. 

In the Con A stimulated thymocyte system, incorporation of BrUdR 
had no effect on the areas of thymocyte metabolism tested, Analysis of 
BrUdR-labeled DNA permitted definition of the absolute thymidine 
incorporation rate of thymocyte cultures. The BrUdR technique also 
established the passage of thymocytes through more than one cell cycle 
as a result of Con A stimulation. This thymocyte cycling was found to 
be rather heterogeneous in terms of cycling times but the mean cell 
cycling time was 12.5 + 1.5 hours with a growth fraction of 0.67. 
Finally, it was established that thymocytes, once stimulated by Con A, 
can cycle and respond to Con A for the first time after Con A removal. 

The following conclusions can be drawn concerning the general 
application of the BrUdR technique of cell cycle analysis. The BrUdR 


technique can easily be used to demonstrate cell cycling. It is also 
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very useful in establishing absolute incorporation rates of exogenous 
thymidine. The BrUdR technique can be used for quantitative cell 
cycle analysis if the absence of deleterious effects of BrUdR is 
first established. The BrUdR technique, although it is not the 
complete answer to the technical problems associated with cell cycle 
analysis, nevertheless, can add considerable information when it is 


used in conjunction with other kinetic analysis techniques. 


1S en (Toone am | 


Sry wakiais voila 
gs 


J ‘se, y 
(fo ovisa tet me eo? bebe oct tear! Bt upieabes, AAAS, at t.4 


* ) 7 me <t 
= > bon 
thet Ba, seyateish to sunpede, allt Et Ake 
# mT 
yy x ¢ 
4 . ) ra seh Sil Lyme itd 
we “a 


re ecm: iy Saodowed Sie oF sowene osak MOS 


(# 5 


vay LectT terest pee Leite 


102 


BIBLIOGRAPHY 


AGRAWALSUB BL! GGOMDSTEIN, 1 We 1965« Specific binding of 
Concanavalin A to crosslinked dextran gels. Biochemical 
Jounal 06 V2 Sen Zoe, 


ANDERSSON, J., SJOBERG, O. and MOLLER, G. 1972. Reversibility of 
high dose unresponsiveness to Concanavalin A in thymus 
lymphocytes. Inmunology 23: 637 - 646. 


BARR, H.J. 1963. An effect of exogenous thymidine on the mitotic 
Cycle. Journal of Cellular and Comparative Physiology 61: 
da Ovi Oy 


BETEL, I. & VAN DER BERG, K.J. 1972. Interaction of Concanavalin 


A with rat lymphocytes. The European Journal of Biochemistry 
D0: STIRS S 


BORUM, K. 1973. Cell kinetics in the mouse thymus studied by 
simultaneous use of °H-thymidine and colchicine. Cell and 
Tassue /Kinétics!6:m545/ 21552: 


BOYUM, A. 1968. Separation of leukocytes from blood and bone 
marrow. Scandanavian Journal of Clinical Laboratory 
Investigation 21: ( Suppl. 97 ) 77 - 89. 


BRAUN, R. §& WILI, H. 1969. Time sequence of DNA replication in 
Physarum. Biochimica et Biophysica Acta a 40 2507, 


BRITTON, S., PERLMANN, H. and PERLMANN, P. 1973. Thymus dependent 
and thymus independent effector function of mouse lymphoid 
cells. Comparison of cytotoxicity and primary antibody 
formation in vitro. Cellular Immmology 8. 4200 434, 


BRYANT, B.J. 1971. Lymphoproliferative cycles in the thymus cortex. 
The Journal of Immmology Ove iaZOLs- 2794. 


CANTOR, H. § BOYSE, E.A. 1975. Developement and function of 
subclasses of T cells. Journal of the Reticuloendothelial 
Society DLT Cy Sieh ese 


CLARK Jr., S.L. 1973. The intrathymic environment. In Contemporary 
Topics in Inmunobiology. Vol 2, Chapter 4, 78 - 99, Plemm 
Press. 


CLARK, W. § NUDRUD, J. 1974. The effects of BUdR on proliferation 
and developement of cytotoxicity in mixed leukocyte cultures. 
Cellular Immunology 10: 159 - 164. 


CLICK, R.E., BENCK, L. and ALTER, B.J. 1972. Enhancement of 
antibody synthesis in vitro by mercaptoethanol. Cellular 
Immunology 3: 156 - 160. 


ite 7 
’ j 4 — as 
4 es 4 
y 
- “at Fy — ~ a ie Ae 
t 2 ‘ in aVi twee Ch y Sole a i 
J %. 4 4% a fu Ree 
: 20 = "80a taereou i 
“ F 
, ee ee sa ‘ 
. b AP lc OR 
ite. ee? tes eit 
ng * & ws a & mer, 
‘ 4 Yates hore, 
Rs 
! q 
ris tA Th: el Aw: ' 
m2 riot sfav> ~ 
eh - Bit 
x 
a ctr i (pa 2 
: * nial fh PS Ba se hm ik ¥ 
rinostiuargk tat dpiw ok 
& ml 
a: ar - {<2 ie - 
»* +8. es 08 - 
captor ihe), S\2f save 
To BO seine eripone Lume - aa 
he TO a Fanten mines — 
' - - Q 
vity ¥ eT A yocts Cn Hoe Mr 
jae aaa? WORX Tau r 
" é 4 7 ves: 
t ea rers > ‘Ore Se #4 baa pans Wve 
f ed a a | a = 
? 
ways" - 
Mrteori wet A hepa ek’? + ALE mt an sf 
’ . 4 r : é i; a i < aa + ena 
CARL adoh sofevitgaie fo abhainahe ‘ae 
\ a «t Bc 


aT . “ 
s* ‘2 ? it ALITY SIR oe Yala 7 Oe ~~ 7 we ; wv ; 

“A oye 

CO NULI OT Pe Ladep te & sae bese 3 Ney fas * val i 
ftutrey bits VIROL ES 5é svebonmpid .elke9 


& voolormsamel Webs i) ax a sea 


| wh 
3a! <: sepadbiennes: TRE s 
a One aera co bay eto be af 


' wh ta sreneaqnisrey | a a ht 
dtobimoinctes ait 0. Enmpaitel , elke: bib 


4 
>» . iat a svi tnt yy 
Py 2iar ¥ 


' ; - : : ea 7 _ Ni 

TitOGeaINOD Ah . eeneTIVBA sie eee a GAt. 4! a Je th DB i 

@irel Pass ~ Ry Seg sy .& lo em FF i m8 total on — 
ce 


ndttirstitory no RUM Yo eapedite ot eee tan 
pernalic st oolvo!l ieatn nh Wbaiemp to tamale 
5 
Ss 


bot - Get ‘Bk eee sity cal 


7 = 
y - ie manu a iy A 

: - Ritz . «dei acltso7% iy if : 

7 o a 

= vy ie 


> , 


103 


CRAIG-HOLMES, A.P. §& SHAW, M.W. 1976. Cell cycle analysis in 
asynchronous cultures using the BUdR-Hoechst technique. 
Experimental Cell Research 99: 79 - 87. 


CUNNINGHAM, A. & SZENBERG, A. 1968. Further improvements in the 
plaque technique for detecting single antibody forming cells. 
Immunology 14: 599 - 600. 


CUNNINGHAM, B.A., WANG, J.L., WAXDAL, M.J. and EDELMAN, G.M. 1975. 
The covalent and three dimensional structure of Concanavalin 
A. II. Amino acid sequence of cyanogen bromide fragment F2. 
The Journal of Biological Chemistry aU Ome ederem, 


DAVID, J., GORDON, J.S. and RUTTER, W.J. 1974. Increased thermal 
stability of chromatin containing 5-bromo-deoxyuridine- 
containing DNA. National Academy of Sciences Proceedings 
Wi vdeo} Sprig be Ae) lee 


DIENER, E. § ARMSTRONG, D.W. 1969. Immunological tolerance in vitro. 
Kinetic studies at the cellular level. The Journal of 
Experimental Medicine 129: 591 - 603. 


DUTTON, R.W., DUTTON, A.H. and VAUGHAN, J.H. 1960. The effect of 
5-bromouracil deoxyrioside on the synthesis of antibody 
in vitro. Biochemical Journal Rice ois, Zale: 


EDELMAN, G.M., CUNNINGHAM, B.A., REERE Jr., G.N., BECKER, J.W., 
WAXDAL, M.J. and WANG, J.L. 1972. The covalent and three 
dimensional structure of Concanavalin A. National Academy 
of Sciences Proceedings 69: 2580 - 2584. 


EDELMAN, G.M., YAHARA, I. and WANG, J.L. 1973. Receptor mobility 
and receptor-cytoplasmic interactions in lymphocytes. 
National Academy of Sciences Proceedings 70: 1442 - 1446. 


ELLIOT, B.E. & HASKILL, J.S. 1973. Characterization of thymus 
derived and bone marrow derived rosette forming lymphocytes. 
The European Journal of Immmology 3: 68 - 74. 


GENTRY, G.A., MORSE Jr., P.A. and POTTER, V.R. 1965. Pyrimidine 
metabolism in tissue culture cells derived from rat 
hepatomas. III. Relationship of thymidine to the metabolism 
of other pyrimidine nucleosides in suspension cultures 
derived from Novikoff Hepatomas. 

Cancer Research 20: ok, apo2 os 


GREAVES, M.F. § BAUMINGER, S. 1972. Activation of T & B 
lymphocytes by insoluble phytomitogens. 
Nature New Biology 235: 67 - 70. 


ra A 
« het + 


| 


orld set Casini 


“One Fy cx Ive At ong tds 2 patneetenly 24 
Of ED 903 14 29q9noLe to qboak Derieeite 


tiv pkeone silos Leotyolonumgl PORE: Wed « 


sows. bap re lsi/ad sank? 
ipso Paioivsl A, fe 


($i lidom rrosiyo0a8 seed | 
ARE = Shue ae ah Saree >t 


Ss 


Ww 


sntbimind { of 


esthenos food 


ae! ) PAM EES a og PARAL ve at 
sy SBS ce °o Sit strane cea 


et Shiva nage omer to-35H 
NS Fabs BCE ‘Gear oeten | 


mit hdessyork eis 


si 


4 
0) > Tez 
| 


46. Egirmol.att 7, feval 16 Ushbbey and te te esthute .: 
2  OrstheM 


tx 
Py BYP Su Tl | 


A 


q.4 


Pessoa igo ih eur 2 


ve, 
Roshi 10 (OLISS Pes 9S 


retire ae sarah ahi 38a" DOYS 
~ 80 tg 1° Of: 


ras mort 


eswtis Puiad fF: 3 


104 


GUNTHER, G.R., WANG, J.L., YAHARA, I., CUNNINGHAM, B.A. and EDEIMAN, 
G.M. 1974. Concanavalin A derivatives with altered 
biological activities. National Academy of Sciences 
Proceedings 7/0. 1012-1016. 


HADDEN, J.W., HADDEN, E.M., SADLIK, J.R. and COFFEY, R.G. 1976. 
Effects of Concanavalin A and a succinylated derivative on 
lymphocyte proliferation and cyclic nucleotide levels. 
National Academy of Sciences Proceedings USANA G GE Balle 


HANKS, J.H. § WALLACE, J.H. 1958. Determination of cell viability. 
Proceedings of the Society of Experimental and Biological 
Medicine, 083/188. =) 192). 


JACOBSSON, H. § BLOMGREN, H. 1972. Changes in the PHA-responding 
pool of cells in the thymus after cortisone or x-ray 
treatment of mice. Evidence for an inverse relation between 
the production of cortical and medullary thymocytes. 
Cellular Immunology 4: 93 - 105. 


JACOBSSON, H. § BLOMGREN, H. 1974. Responses of mouse thymic cells 
to mitogens. A comparison between Phytohemagglutinin and 
Concanavalin A. Cellular Immmology diy 427 - 441. 


JONES, G. 1973. Lymphocyte activation III. The prolonged requirement 
for mitogen in Phytohemagglutinin and Concanavalin A 
stimulated cultures. The Journal of Immunology 0 e207 
NWAlay 


JUHLIN, R., SALLSTROM, J.F. and ALM, G.V. 1976. Regulation of 
thymic lymphopoesis in vitro. Advances in Experimental 
Medicine and Biology 66: 209 - 214. 


KATO, H. & YOSIDA, T.H. 1970. Nondisjunction of chromosomes in a 
synchronized cell population initiated by reversal of 
colcemid inhibition. Experimental Cell Research O03 459° - 
464. 


KATZ, D.H. §& BENACERRAF, B. 1972. The regulatory influence of 
activated T cells on B cell responses to antigen. 
Advances in Immunology 15: 2 - 94, 


LEE, K.C., LANGMAN, R.E., PAETKAU, V.H. “and DIENER, E. 1975. The 
cellular basis of cortisone-induced immunosuppression of 
the antibody response studied by its reversal in vitro. 
Cellular Immunology 17: 405 - 417. 


LIN, S. & RIGGS, A.D. 1972. LAC operator analogues: Bromodeoxy- 
uridine substitution in the LAC operator affects the rate 
of dissociation of the LAC repressor. National Academy of 
SCIENCES sPrOCceedingS OCzm Zoya G16) 


Zaonsise tO "aieees 


wrek 28 EO ae oe. 

no evEaviteh bese(vainwgs se ht 
alevel sbi dustin achat ue ta) 

pete < RIVE. se0 ee ate 


el etus L129 Th. 41027 siscanat: jee) 
esreeileri biG tent PET 206 as 
el = 


as 


gictlinoqeere~ Al: orf atk Aaaa ra ered 
yRinx mo <tbaloton CeTks ale ee ees 
ronwied inetealet: serevak cp Ot apeah ii F 
soto? viel lohan, Gis, Seeiaos toe 
aE - m0 es) 


tins veart ecuetJo eaenoqaen tet 


fle ftipntete aaah Prog 1 hagwtad mee brs ie 


C20 : eae At tr? = go ern es : ha } we : 


ere. 1S ar ott ant rT hor gReyAiog S2 f 


Can mt itr) oa } es Tht} ir? rT je ap eaeaey, 
Pal “ea Ofer no GER 


Time elogen. |, ane Vode 
Bhishisadicr ft zeoneyhe.) Ly 


eG! + Soe 


ee ee i Te eee 
) Gee vo bode} bie Das 4 eof (0 
Oat es dorseeet ULSD Latcemirsgel laae fehl be 


te asmenitab rod 


asetr awit ae 
%o yrbeok Isnobsay . 
ares 


LINDAHL-KIESSLING, K. 1972. Mechnaisms of Phytohemagglutinin ( PHA ) 
action. V. PHA compared with Concanavalin A ( Con A ). 
Experimental Cell Reséarch.70: J7.-.20. 


LOHRMANN, H., GRAW, C.M. and GRAW Jr., R.G. 1974. Stimulated 
lymphocyte cultures. Responder recruitment and cell cycle 
kinetics. 

The Journal of Experimental Medicine 139: 1037 - 1048. 


MARBROOK, J. 1967. Primary immune response in cultures of spleen 
cells. Rance). le) ecw 281% 


MEUTH, M. & GREEN, H. 1974. Induction of a deoxycytidineless 
state in cultured mammalian cells by bromodeoxyuridine. 
Cont Zc Uo eon Ll 2s 


MILLER, Job.A.P..G JI LEHELLs..G.Ps, 1968....Cell.to.cell interaction 
in the.immune response. I. Hemolysin-forming cells in 
neonatally thymectomized mice reconstituted with thymus 
or thoracic duct lymphocytes. 

The Journal .of Experimental Medicine,128: 801 - 820. 


MPLS, Gi, MONTICONE Sy wands PAETKAU CTV nw 1976, The roleyof 
macrophages in thymocyte mitogenesis. 
The,Journal.of ,fmmmology 117: el3Zae. 1330. 


MISHELL, R.I. §& DUITON, R.W. 1967. Immunization of dissociated 
spleen cell cultures from normal mice. 
The Journal of Experimental Medicine 126: 423 - 442. 


MUELLER, G.C. §& KAJIWARA,.K.. 1966. Early and late replicating 
deoxyribonucleic acid complexes in Hela nuclei. 
Biochimica et Biophysica Acta 114: 108 - 115. 


MUNAKATA, N. & STRAUSS, B. 1972. Continued proliferation of 
mitogen stimulated human peripheral blood lymphocytes: 
Requirement for the restimulation of progeny. 

Cellular Immunology 4: 243 - 255. 


NAGATA, T. §& MESELSON, M. 1968. Periodic replication. of DNA in 
steadily growing Escherichia coli: The localized origin 
of replication. Cold Spring Harbor Symposium on 
Quantitative Biology 35: 553>- 57. 


NOSSAL, G.J.V., CUNNINGHAM, A., MITCHELL, G.F. and MILLER, J.F.A.P. 
1968. Cell to cell interaction in the immune response. III. 
Chromosomal marker analysis of single antibody-forming cells 
in reconstituted, irradiated, or thymectomized mice. 

The Journal of Experimental Medicine 128: 839 - 855. 


NOVOGRODSKY, A. §& KATCHALSKI, E. 1971. Lymphocyte transformation 
induced by Concanavalin A and its reversion by Methyl-a-D 
mannopyranoside. Biochimica et Biophysica Acta 228: 579 - 
Some 


105 


bars luingse. . x) ef 
at 4) Lies ‘brs siiomtliceen. 


/ghor = Yor ORE efvisibeit fh 25 


feeolge 40 aaresius. tH cadonser Actua f * 
est. = OE eS 


Lalonibb! s@ayrosb) 8 Maeno ts aba pes 
i ibe wereyeode pene “od BELIS ¥ Sel Laminar Sate sats 
. at % Sh 
moron rere Lis) ad (igh) Soest Pic fect OTM B a 

ii Btiss. wieros Hey ious he nana ack 

ayttT Atiw Segorr -toost Sven DOS TOs Sen * wilt 
25Fyote Z 

OSB ~ 408 881 antai bolt igig 


to Sigr, dif’ “.Svel > .¥ ATLAS ‘lg x woot «3 fi: 
alepreaa thn So (OM. 295 : 
RY oh Pa BN & ¢ ‘ae te teu PUCK “ail 


—— 


A ou 
pPrsine= 27h id Hahseringil: 4 Tek. We wri z LS 
sweat 


Fafa Lara gots 2evisiud Ties 
“hh.- GS) OST onto beet Sadmeme lini, a ae i. a 
gmistsotiqer ots) brs v ited. ods tgs } 
¢ 


Jie toe bisH rit “oleae, ud 
ALP Gob 3 Rit > ve 


tO oktas Phe: bauehanoo SARL . A Bee 
esityoaiiqinl boole fevatetre (teonseh ae Lent . 
wisaota to et was oad to% On: 
22% ~ 285 ch ypetanaamnt 


i AG do MiTSROD Lies tocar 


tinkes nasi leoul: sift 


fo iniaciinre 


; i 


‘ Franks 


\ 
TAT RR fits UT: URI coll miei ya Vi bead 
THs aarti erumint ily rad =e — ore | | 
alte we gnc it -bedpine elant: Xo a Roe 
20% ‘as Bree * saree “stuct £2n0oe 

tee. 8 BLUE al Sptteambiogk'! to Lagwmal, ox! 
Holsamgizas (7 27 rooting: AE: , 
Saved ‘“ solevever ba; bap Ae 
She E55 ara satayiyorl 49 eras) 7 


a 


NUSSENZWEIG, V. 1974. Receptors for immune complexes on lymphocytes. 


Advances in Immunology 19: 217 - 258. 


PAINTER, R.G. §& WHITE, A. 1976. Effect of Concanavalin A on 
expression of cell surface sialyltransferase activity of 
mouse thymocytes. 

National Academy of Sciences Proceedings 73: 837 - 844. 


PETTENGILL, O.S. §& SORENSON, G.B. 1974. Effect of 5-bromodeoxy- 
uridine on mouse myeloma cells. In Vitro; 10:) 274 - 280. 


PHILLIPS, 4R.. @ MILLER, oR. 9 ¢1970. Antibody-producing’ cells: 
Analysis and purification by velocity sedimentation. 
Cel¥handsPissuce Kimetics..5:5263;- 2/33 


POWELL, A.E. §& LEON, M.A. 1970. Reversible interaction of human 
lymphocytes with the mitogen Concanavalin A. 
Experimental Cell Research 62: 515 - 325. 


QUASTLER ,°H.*@ “SHERMAN; F.G. ©1959.) Cell. population kinetics in 
the intestinal epthelium of the mouse. 
Experimental Cell Research 17: 420 - 438. 


RAVIOLA, E. §& KARNOVSKY, M.J. 1972. Evidence for a blood-thymus 
barrier using electron opaque tracers. 
The Journal of Experimental Medicine 136: 466 - 498. 


RITTER, M.A. 1971. Functional maturation of lymphocytes within 
embryonic mouse thymus. Transplantation 12: 279 - 282. 


ROWND, R. 1967. The buoyant density of 5-bromouracil-labeled DNA. 
Biochimica et Biophysica Acta 134: 464 - 467. 


SCHMIDT -ULLRICH, R. @ WALLACH;* D.F.Hi. 1976;  Co-operativity’ in 
Concanavalin A binding to thymocyte membranes: Corelation 
with polymerization of a receptor glycoprotein. Biochemical 
and Biophysical Research Communications 69: 1011 - 1018. 


SCHRADER ,# JW i01007 5.0: Thel roleviot § cells*in IeG production: 
Thymus-dependent antigens induce B cell memory in the 
absence of T cells. 

The Journal of Immunology 114: 1665 - 1669. 


SCHUBERT, D. & JACOB, F. 1970. 5-Bromodeoxyuridine-induced 
differentiation of a neuroblastoma. 
National Academy of Sciences Proceedings 67: 247 - 254. 


SINCLAIR, W.K. 1967. Hydroxyurea: Effects on Chinese Hamster 
cells grown in culture. Catiger*Research, 27. 29712508 . 


SOBER, H.A. 1968. The Handbook of Biochemistry. 
Chemical Rubber Company, Cleveland. 


106 


: sede oddone 0 a9; 


{0 ni Levert . 
O Wirvises oez 


Poe | 


“ifaahonord= J to ee ae 


OeS°- STS, OL eras 


tamu to norissyetie ea “a 
nic leVsoeano.) eee 
Lee a ott * :S8 Rt p 


ht eolzatnl moiteiitios, ified 
PReUOM Aes 


SMA 5. * 4 
, aa si OSs ¥ elm 
i Tt EHO | 1 f it 4 ites ; Wa uy . v Pr 


» Seti, Sip: ne 


peer eon Pes = whee, ao, ee 


tatsiw gosryoonmnl to nigt atau 6 
“Sas --@\S OSD soetas ns eae) ye 


ri} 


i. whewites . Liaw # As hes Lt 
MotMeletd -eterdate | ai cya - cae | ae 
Isoimuisot” .nPtoriuoayle .aemiter B20 
Olt = bigs 


ols gid Cee eh 
eit ai Src frag a 


107 


TANNENBURG, W.J.K. § MALAVIYA, A.N. 1968. The life cycle of 
antibody-forming cells. I. The generation time of 19S 
hemolytic plaque-forming cells during the primary and 
secondary responses. 

The’ Journal ‘of Experimental Medicine 128: 895 - 925. 


TAYLOR, E.W. 1965. The mechanism of colchicine inhibition of 
mitosis. I. Kinetics of inhibition and the binding of °H- 
colchicine.» The Journal or Cell Biology 25: 145 - 160. 


TEN, H-S..@ PEATKAU, V. 91974. Biphasic effects of cyclic AMP on 
an immune response. Nature e250 S0S.> 507. 


TILL, J.E., WHITMORE, G.F. and GULYAS, S. 1963. Deoxyribonucleic 
acid synthesis in individual L-strain mouse cells. 
it Eirects Of thymidine saturation. 
Biochimicaltetebrophysica Acta 9/22 277 =.289. 


TOBEY, RiA.., ANDERSON, E.G. sand PETERSEN, D.F. 12967. The effect 
of thymidine on the duration of Gl in Chinese Hamster cells. 
The: Journalor Geld biology, 35: 2535. - 59. 


UCHIDA, T. & MATSUMOTO, T. 1972. Heterogeneity of commercially 
available Concanavalin A with respect to carbohydrate 
binding ability. 

Biochimica et Biophysica Acta 257: 230 - 234. 


WALTHER, Bit.) PICTED Rel OAV Iie .D sande RUMER Wes O74. 
On the mechanism of 50bromodeoxyuridine inhibition of 
exocrine pancrease differentiation. 

The Journal of Biological Chemistry 249: 1953 - 1964. 


WARNER, N.L. 1974. Membrane immunoglobulins and antigen receptors 
on B and T lymphocytes. Advances in Immunology 19: 67 - 216. 


WEKSLER, M.E., BODINE, S. and ROMMER, J. 1974. Response of 
lymphocytes to plant lectins. I. A thymic dependent 
lymphoid population responsive to Poke Weed Mitogen. 
Immunology 26: 281 - 290. 


WETTENHALL, R.E.H. § SLOBBE, A. 1976. The importance of membrane- 
bound ribosomes during the activation of thymocytes by 
Concanavalin A. Experimental’ Cell Research, 90:) 169 = 193, 


WORTIS, H.W. , NEHLSEN, ‘S.\and OWEN, Je. 1971, ) Abnormal 
developement of the thymus in " nude " mice. 
The Journal of Experimental Medicine 134: 681 - 692. 


WU, A.M. , “TILL, J.E., SIMINOVITCH, hb. and MCCULLOCH, E.A.. 1968. 
Cytological evidence for the relationship between normal 
hematopoietic colony-forming cells and cells of the lymphoid 
system. 

The Journal of Experimental Medicine 127: 455 - 463. 


MS? - chy ig eet [SES card ee ; 


RS ei Bak ae eleri bent Sigelas — 4 
SF. Yo gnéburd att Ane noite} ; 
Pat Ohl wi Wolo TI tes: 


fm Wh obi ov> dn sTaarie Abas : 
04 .>, de Es Bests 41 


sist oun nas ps 


4 1) Sei a 


7 sats fi ) i i . 4 : Oj Rapiss 39 teu y) ; Pat Pe ue Ag ne . 
: P , re i P _ Hai Gt 
-2lfao weteinsh ozonblD al [0° %o eee pi , 


4 J a 27 ack 
se ie 120, Sea a 
we ae 


'Hiattamics to: Vie HoSOTS Fatt sek me j we 
atarhvadd rap fj 5 $5)< KI 4235 « ft CVE 4h ie ae ei. 2 ri t 


* » pe = ns ae uy 
eS = (2% . Veo) Bao Sore 


AROD) yl. A SER 1s age 
to isthe art binangepelon 
MOLT RE a” SRG 
ADIT - coef wae a igoloed, 

2sOS 337" Nays fone rer kes 
yi Va: Se TaeLaheum ap. 2ealtry a 


cu 


[9 SentKte’ SA hye] dy 
qeliasael Thos. Wye ae 
manga hao aio oF via G 


-enpe die Lo vont Tort Jatt. 
_ eerie m td Asides 
-EQL - ORF 38 Hancoegh IF 


lenteondh, a al 


PPey 
~ 86 Et yer : 


108 


YARIV, J., KALB, A.J. and LEVITZKI, A. 1968. The interaction of 
Concanavalin A with methyl-a-D-glucopyranoside. 
Biochimica et Biophysica Acta 165: 303 - 305. 


YOTOKU, M., GROSSBERG, A.L. and PRESSMAN, D. 1974. A cell surface 
antigen determinant present on mouse plasmocytes and only 
about half of mouse thymocytes. 

The Journal of Immunology 112: 1774 - 1781. 


acm tHe FED A 
Vine Hite est om 3e 


‘.. a a at f 


Ihe 


1 ee iy a 7 
rs Ni Ms 


109 


APPENDIX 


Publications Related to this Thesis 


Quantitative analysis of the proliferative activity induced in 


murine thymocytes by Concanavalin A. 
Proliferation of murine thymic lymphocytes in vitro is mediated 
by the Concanavalin A-induced release of a lymphokine 


( costimulator ). 


The role of macrophages in thymocyte mitogenesis. 
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QUANTITATIVE ANALYSIS OF THE PROLIFERATIVE 
ACTIVITY INDUCED IN MURINE THYMOCYTES 
BY CONCANAVALIN A’ 


STANLEY GERHART,’ GORDON MILLS,* VICKY MONTICONE, anp VERNER PAETKAU‘ 


From the Department of Biochemistry, University of Alberta, Edmonton, Alberta, Canada, T6G 2H7 


A quantitative analysis of the proliferative response 
induced in murine thymocytes by concanavalin A (Con A) is 
described. Exogenous *H-thymidine labels 35 to 40% of the 
newly incorporated TMP residues under optimal condi- 
tions. The density label 5-bromo-2'-deoxuridine (BrUdR) 
does not affect DNA metabolism in this system. With this 
nucleoside, it is shown that newly synthesized DNA is the 
result of semi-conservative replication, not repair. Double 
labeling of DNA provides a monitor for cells traversing the 
cell cycle (S phase to subsequent S phase). The average 
cycle time is 12.5 hr, and the shortest cell cycle time is 10 
hr. The growing fraction of active cells is about two- 
thirds. The data show that different subpopulations of 
thymocytes begin proliferating after various times in cul- 
ture. Once effectively stimulated by Con A, some of the 
cells can traverse the cell cycle at least twice more after 
the mitogen is removed. 


Lymphocytes differentiate and proliferate in the thymus, 
and the progeny cells are lost by death and emigration. 
Thymocyte proliferation is normally controlled by parathyroid 
hormone and calcium metabolism (1, 2). Differentiation of 
lymphocytes to mature T cells is controlled by thymic factors, 
probably acting peripherally and within the thymus (3). 
Proliferation is observed primarily in the thymic cortex from 
where the progeny cells move to the medulla before being lost 
(4). The fraction of lymphocytes proliferating in mouse thymus 
(approximately 15%) includes lymphoblasts and prolym- 
phocytes (5). 

Thymocytes also respond to differentiative and proliferative 
signals in vitro. Various agents, including the thymic hor- 
mone(s) and cAMP-enhancing agents, induce differentiative 
changes in membrane markers (6). Thymocytes proliferate, to 
a limited degree, in response to T lymphocyte mitogens such as 
concanavalin A (Con A). 

A growing number of investigators have shown that lym- 
phocyte proliferation in vitro is profoundly influenced by both 
soluble, cell-derived factors, and by adherent cells of the 
macrophage-monocyte series (7-10). To understand these com- 
plex interactions more precisely, we have developed quantita- 
tive methods for analyzing the proliferative response of mouse 
thymocytes to Con A. Using this approach, we have shown that 
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proliferation requires both the lectin and a cell-elaborated 
“costimulator”. The elaboration of costimulator requires lec- 
tin, T cells, and an adequate number of macrophages (11, 12). 

In this paper, we describe how the incorporation of *H-thy- 
midine under defined conditions can be related to the absolute 
level of DNA synthesis. A technique, adapted from the work of 
Munakata and Strauss (13), is described for determining the 
cell cycle time and growth fraction of these cells. It requires 
a double label of cellular DNA, using as one label BrUdR?® to 
shift the DNA density. DNA labeled with a radioactive isotope 
at one particular time becomes hybrid in density when it 
replicates subsequently with the density label present (Fig. 1). 
If the nucleoside can be shown to have no effect on the response 
being studied, this method is an attractive one, compared to 
the techniques utilizing cell arrest by thymidine block or 
colchicine metaphase arrest. The density label technique also 
determines whether mitogen-stimulated cells from which the 
mitogen has been removed can subsequently traverse the cell 
cycle. In this paper, the use of BrUdR is first shown to have no 
detectable effect on the parameters being studied, except for 
density labeling the DNA. The technique is used to determine 
the cell cycle time for these cells, and the heterogeneity of the 
response in the thymocyte population. 


MATERIALS AND METHODS 


Tissue culture medium and fetal calf serum were from Grand 
Island Biologicals Co., Grand Island, N. Y. *H-BrUdR, 
°H-TdR, and Omnifluor from New England Nuclear, Boston, 
Mass., MAG, Con A and Pronase (B grade) from Calbiochem 
Corp, La Jolla, Calif.,. HEPES from Sigma Chemical Co., St. 
Louis, Mo., glass fiber filters (GF/C 2.5 cm) from Whatman 
Co., Clifton, N. J., CsCl from Pierce Chemical Co., Sarkosy] 
from Ciba-Geigy, Ardsley, N. Y., and BrUdR from PL Bio- 
chemicals, Milwaukee, Wis. 

Cells and culture conditions. CBA/J Mice were purchased 
from Jackson Laboratories, Bar Harbor, Maine, and bred and 
maintained at the University of Alberta facilities. Mice were 
killed at 5 to 8 weeks of age and the thymus tissue was 
removed. The tissue was minced and passed through a fine 
stainless steel screen. Cells were collected by centrifugation at 
70 x G x 7 min. These conditions left the smallest lympho- 
cytes, about 30% of the total cells, in the supernatant. The 
small cells, which respond only poorly to mitogenic stimulation, 
were discarded. Cells were cultured in minimal Eagle’s medium 
containing 36 mM sodium bicarbonate, 10 mM HEPES buffer. 
0.43 mM sodium pyruvate, 8.5% fetal calf serum and 1 x 10~° 


* Abbreviations used in this paper: TdR. deoxythymidine; MAG, 
methyl-a-glucopyranoside; BrUdR, 5-bromo-2'-deoxyuridine; HEPES. 
N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid. 
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M 2-mercaptoethanol. Unless otherwise indicated, cultures 
were set up in 16 x 100-mm glass test tubes. They were 
incubated at 37°C in 10% CO, in air at 100% relative humidity. 
Viable cells were counted by eosin Y exclusion. 

Measurement of thymidine uptake. The optimal conditions 
for labeling DNA with *H-TdR were determined as described 
in the Results. The standard conditions were to add 10 uM 
°H-TdR of specific radioactivity giving 10 to 40 cpm/pmole 
under the counting conditions used. After 3 to 6 hr, cells were 
harvested by filtration through GF/C filters and washed with 
cold 0.85% NaCl, followed by cold 5% trichloroacetic acid, and 
then ethanol. The dried filters were counted in toluene-Omni- 
fluor. To facilitate comparisons, most data are expressed as 
pmole *H-TdR incorporated per hour per 10° cells, as described 
in the Results. Values given are the averages of triplicate 
cultures. The average standard deviation was 11%. 

Isolation of DNA. Cells were harvested by centrifugation for 
360 x G x 7 min, washed, and resuspended in 0.5 ml 0.85% 
NaCl. To the suspension was added: 0.1 ml 50 mM Tris 
(Cl), pH 7.5, 10 mM EDTA; 0.2 ml 5% Sarkosyl, and 0.2 ml at 
10 mg/ml] pronase. After incubation at 40°C for 4 hr, the 
mixture was extracted twice with phenol- 0.1% 8-hydroxy- 
quinoline, twice with chloroform-isoamyl] alcohol (24:1), and 
twice with ether. Density gradient analysis was performed on 
samples made up with CsCl to the indicated starting density. 
Centrifugation was for 48 hr in a Beckman Ti50 rotor at 40,000 
rpm and 15°C. Gradients were pumped out and fractionated 
directly onto 3MM filter paper discs. The discs were washed 
with 5% trichloroacetic acid and ethanol and counted in 
toluene-Omnifluor. Isotope overlaps were corrected where 
necessary. The densities of selected fractions were determined 
refractometrically. 

Density labeling of replicating DNA. This was achieved by 
adding 3 to 10 nM BrUdR to cultures. In several experiments, 
radioactive and density labels were introduced together by 
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Figure 1. Determination of the cell cycle time by double labeling of 
DNA. A pulse label of *H-TdR is incorporated into DNA that is 
undergoing replication. After the pulse, the 7H DNA is of fully light 
(L/L) density. In the presence of BrUdR, it becomes hybrid (H/L) in 
density exactly one cell cycle time after administration of the *H pulse. 
Shearing normally accompanies isolation of the DNA, and the result- 
ing pieces are short relative to the length of DNA replicated during the 
5H pulse (1 to 2 hr). The *H label in the H/L fragments bands at fully 
light density after denaturation. 


CON A STIMULATION OF MOUSE THYMOCYTES 
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adding both BrUdR (4 uM) and *H-TdR (0.02 to 0.1 4M}. The 
tritium then appears in the density-labeled DNA; this low level 
of TdR does not interfere with the uptake of BrUdR, as 
determined by the resulting density of the DNA. In some ex- 
periments we have used *H-BrUdR. No other agent was added 
to enhance BrUdR uptake. From the observed density shifts, 
25 to 30 mg/cm® for hybrid density DNA, about 50 to 60% of 
the thymidine residues were being substituted with BrUdR 
(14). 


RESULTS 


Thymidine uptake as a_ relative measure of thymocyte 
proliferation. The uptake of *H-TdR into acid-insoluble mate- 
rial (thymidine uptake) was to be used as a measure of 
thymocyte proliferation in this work. It was first necessary to 
show that differences in thymidine uptake represented differ- 
ences in proliferation and not, for example, differences in the 
thymidine pools of the culture. A representative saturation 
curve for thymidine uptake by thymocytes stimulated for 48 hr 
with Con A is given in Figure 2. (The time course of response 
is fully described in reference 11.) The system exhibits simple 
saturation kinetics in the range shown, giving a linear double 
reciprocal plot and yielding an apparent endogenous thymi- 
dine level of 0.6 uM. Experiments were routinely performed - 
with 10 uM thymidine (90 to 95% saturation). 

The uptake of 9H-BrUdR, when plotted in double reciprocal 
form, also fell on straight line (data not shown), with half- 
saturation at 0.66 uM. At saturation, BrUdR incorporation 
(pmole/hr/10® cells) was 1.5 times as high as TdR uptake. The 
two nucleosides showed the same time course of uptake (data 
not shown). 

The rate of TdR uptake was constant up to at least 12 hr of 
labeling (Fig. 3). The apparent falling off from the expected 
accumulation is at least partly due to the turnover of incorpo- 
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Figure 2. Saturation kinetics for SH-TdR. Cultures were incubated 
for 48 hr in 4.5 yg/ml of Con A, and labeled with various concentrations 
of *H-TdR for 4 hr. The line is least squares-determined. Rate of thy- 
midine uptake is in pmole/hr/10* cells. 
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Figure 3. Linearity of thymidine uptake with time. Cells were 
cultured in 4.5 ug/ml Con A for 40 hr. Cultures were labeled with 10 .M 
SH-TdR, either for 2 to 3 hour pulses to determine the instantaneous 
rate (@), or continuously (A). The expected cumulative uptake (A) is 
determined from the integrated rate curve. 


rated label, determined to have a ty, of 48 hr (data not shown). 

Experiments were routinely performed with 3- to 6-hr-labeling 

times. 

BrUdR does not alter replication or growth. Since BrUdR 

has a number of effects on various biologic systems (15, 16) it 
_ was important to determine if it affected growth or DNA 
synthesis and degradation in Con A-stimulated thymocytes. In 
one set of experiments, DNA was labeled with '*C-TdR for the 
first 24 hr. The loss of acid-precipitable **C label, reflecting 
cell death and DNA degradation, was the same with or without 
4 uM BrUdR present (Fig. 4). The incorporation of *?P-ortho- 
_ phosphate into acid-insoluble material was similarly unaffected 
| by BrUdR (Fig. 4). The **P-labeled material was isolated at 70 
_ hr of culture and deproteinized. Of the **P-labeled nucleic acid 
| (41% of the total), 75% was solubilized by pancreatic DNase in 
| both samples (+ BrUdR present). Thus, in this system BrUdR 
| has no demonstrable effect on DNA metabolism. 
_ Extensive BrUdR incorporation also had no significant effect 
(on cell viability. Con A-stimulated cultures incubated with 4 
‘uM BrUdR from 20 hr contained (per ml) 0.36 x 10° viable 
jcells at 48 hr, compared to 0.35 x 10° for controls. Having 
)}BrUgR present from 35 to 45 hr did not affect the viable cell 
‘count at 75 hr (0.40 x 108 vs 0.37 x 10° for controls). 
| BrUdR is incorporated during replication. Essentially all of 
}the BrUdR incorporated was by semi-conservative DNA syn- 
jthesis. This was shown by labeling DNA first with “C-TdR 
| (between 40 and 50 hr of culture) and then with tritium and 
}BrUdR (55 and 65 hours). Under these conditions (total 
‘elapsed labeling time 25 hr) no cells passed through S phase 
\three times, but a large fraction did go through S phase twice, 
first being ‘*C labeled, the next time being converted to *H- 
\**C bybrid density DNA (Fig. 5a). The density of this hybrid 
was 29 mg/cm® greater than that of normal DNA (average of 
\:hree experiments). The same DNA sample after heat dena- 
juration separated into fully low density ‘‘C and fully high 
jjensity *H, as expected for semiconservative synthesis (Fig. 
\5b). Repair synthesis would be reflected by °H label in low 
jiensity chains, which in fact did not exceed 5% of the total in 
phree experiments. Re-utilization of '*C via breakdown and re- 
incorporation into high density chains also did not occur. 
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Measurement of cell cycle time and growth fraction. The cell 
cycle time defined in Figure 1 is the time between replications 
of the same DNA sequence in parental and daughter cells. Con 
A-stimulated cells were labeled with *H-TdR between 35 and 
36 hr of culture. The *H-TdR was removed and the cells were 
cultured further in Con A. At 40 hr, 4.4 uM BrUdR was added, 
and cultures were harvested at the time s indicated in Figure 6. 
DNA labeled with '*C was added as an internal recovery and 
density marker. The tritium pulse-labeled DNA was com- 
pletely light in density 7 hr after initiation of the *H labeling. 
There was a barely detectable amount (1.8%) of hybrid density 
DNA by 9 hr, and progressively more after that. About 75% of 
the surviving tritium-labeled DNA eventually became density 
labeled by 24 hr. Half of this amount was shifted at 12.5 hr. Of 
the tritium-labeled DNA present at 7 hr, 67% eventually 
recycled at least once. From Figure 6 it is evident that cell 
death and loss of DNA affected the cycling cells to the same 
extent as non-cycling cells. 

Kinetics of thymocyte cycling. Progeny of cells which are 
active in the first, mitogen-independent, phase of DNA synthe- 
sis (0 to 24 hr, see Reference 11) were no longer proliferating by 
55 hr, as shown by the data in Table I. Addition of a density 
label at this latter time caused no density shift of '*C label 
incorporated into DNA between 0 and 25 hr. Of the progeny of 
cells labeled about two generation times before BrdU labeling 
(that is, between 25 and 40 hr of culture), 43% were still active, 
and, as already seen in Figure 6, about 62% of the immediately 
preceding generations’ progeny cycle through S phase. The 
data are consistent with a growth fraction at this time in cul- 


ture, of about two-thirds. 
Another examination of thymocyte cycling is provided by 
Table II. In this case BrUdR was continuously present from 15 
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Figure 4. BrUdR does not affect DNA metabolism in Con A-stimu- 
lated thymocytes. Cells were cultured (3 x 108/ml) with Con A. One 
group of samples was labeled with '*C-TdR from 0 to 24 hours, and the 
disappearance of acid-precipitable radioactivity was monitored either 
in the absence (O), or presence (@), of 44M BrUdR, that was added at 
24 hr. Another group of cultures was labeled with 0.5 wCi/ml *?Pi from 
24 hr, either in the absence (A). or presence (A), of 4 uM BrUdR. 
Approximately 31% of the acid-insoluble *’P-labeled material was 
DNA (see text). 
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Figure 5. BrUdR is incorporated into replicating DNA. Thymocytes 
were cultured with Con A for a total of 65 hr. DNA was labeled with 
4C-TdR from 40 to 50 hr, and with 4 uM BrUdR-0.021 uM *H-TdR 
from 55 to 65 hr. The native isolated DNA (see Methods) was 
centrifuged at 40,000 rpm and 5°C for 60 hr, in CsC] of initial density 
1.75 g/ml (a). The ’*C peak to the right corresponds in density to fully 
light DNA (—@—); the larger peak of '*C and *H is 25 to 30 mg/cm? 
higher in density (H/L) (---@---). The heat-denatured sample shown 
in 6 demonstrates that BrUdR is incorporated during replication, not 
repair; the fully heavy °*H peak is about 70 mg/cm*® higher in density 
than the fully light **C peak. 


hr; tritium label was added at 55 hr and all cultures were 
harvested at 56 hr. The data show that some cells went through 
at least two cell cycles after Con A was removed. Thus, when 
Con A was removed by washing cells with MAG (13, 17) at 25 
hr, about 15% as many cells were active by 56 hr as when Con A 
was present throughout (line 4 us line 1). About two-thirds of 
the °H label went into heavy/heavy DNA. Since no cells active 
before 25 hr are active by 56 hr (Table I), the full density shift, 
requiring two traverses of S phase, must have occurred after 
the mitogen was removed. In other words, some cells were 
committed to at least two further cell cycles after 25 hr 
exposure to Con A, and these cycles occurred even if the 
mitogen was removed. 

The striking feature of the data in Table II is that in each 
case about one-third of the newly synthesized DNA was of 
hybrid density, that is, one chain out of six was derived from the 
ancestor cell taken from the thymus. This ratio (1:3 heavy to 
light in double-stranded DNA) is achieved between two and 
three generations in BrUdR medium (see Discussion). 


DISCUSSION 


The kinetics of DNA synthesis and degradation, and cell 
growth and viability were unaffected by BrUdR under the 
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conditions used here. Sufficient BrUdR was incorporated 
without having to add FUdR (18, 19) to produce 60% of the 
theoretical density shift (observed shift of hybrid DNA 0.029 
g/cm*, theoretical shift for 100% substitution in one strand 
0.048 g/cm*; Reference 14). 

For ease of comparison, and to obtain an idea of the 
magnitude of the response, we have used the parameter pmole 
TdR incorporated/hour/10° cells cultured. If all of the cultured 
cells were growing, and if all the newly-incorporated TMP 
residues were derived from the exogenous, radioactive TdR, the 
incorporation rate would be about 470 pmole/hr/10° cells. This 
is derived from the DNA content of mouse cells, about 6.5 pg 
(20), a cell cycle time of 12.5 hr, as determined here, and a 
DNA composition of 29% thymine (20). Since the rate of TdR 
uptake was two-thirds that of BrUdR (see Results), and BrUdR 
incorporation was 60% of theoretical, the expected rate of 
°H-TdR uptake if 100% of the cells were active would be 190 
pmole/hr/10® cells cultured. This value is, in fact, approached 
under conditions described in a subsequent paper (12). 


100 


20 


0 5 10 15 20 25 30 
TIME AFTER 3H-TdR (hr) 


Figure 6. Cell cycle time and growth fraction of Con A-stimulated 
thymocytes. Con A-stimulated cells were labeled with *H-TdR from 35 
to 36 hr, washed, and re-cultured with Con A. They were continuously 
exposed to 4.4 «4M BrUdR from 40 hr onward. At various times after 35 
hr, cultures were harvested and lysed in the presence of ‘*C-labeled 
DNA as a recovery marker. The purified DNA was centrifuged to 
equilibrium in CsCl gradients, and the fraction of hybrid density was 
determined. Results are corrected to constant recovery of ‘*C marker in 
the gradients. The maximal fraction of the original *H label that 
appeared as hybrid density DNA was 0.67 at 20 hr (recovery of 0.95 x 
fraction shifted, 0.7). 


TABLE I 


Re-cycling of Con A-stimulated thymocytes 


Fraction of **C in 
Density Position 


“C-TdR label “C per Gradient 
L/h H/L 
hr cpm 
0-25 9,670 1.0 0 
25-40 39,300 0.57 0.43 
40-50 77,000 0.38 0.62 


Thymocytes were cultured with Con A for 65 hr in each case. DNA 
replicating during the intervals indicated in column 1 was labeled with 
“C-TdR, which was then removed. At 55 hr, 4 u.M BrUdR and 0.021 
uM* H-TdR were added to introduce a density and tritium label into 
newly replicated DNA. DNA was isolated at 65 hr and analyzed by 
CsC] gradient centrifugation (see Fig. 5). DNA replicating between 55 
and 65 hr is of H/L (hybrid) density. 
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TABLE II 
The effects of Con A removal on cell cycling 


Fraction of 3H 
Control Cells in Density Position 


; : 
Wiachedsat: H per Gradient 


H/L H/H 
hr cpm 
25 39,700 O27 0.73 
35 42,400 0.35 0.65 
45 39,600 0.31 0.69 
Con A removed 

at 
hr 
20 5,900 0.29 0.71 
35 18,200 0.28 0.72 
45 32,100 0.33 0.67 


Con A stimulated thymocytes were exposed continuously to BrUdR 
(4 uM) from 15 hr until the end of culture, at 56 hr in each case. Con A 
was removed from the second set of samples by adding 47 mM MAG 
and washing at the times indicated. Cells were then re-cultured in Con 
A-free medium. Control cells were simply removed from their medium 
and re-cultured in fresh Con A medium. At 55 hr, all cultures were 
labeled with a tracer amount (0.02 uM) of 7H-TdR. DNA synthesized 
during the 55 to 65 hr interval thus was both density and tritium 
labeled. Cells with fully light (unreplicated) DNA would yield only 
H/L daughter molecules if they traverse S phase at this time. Cells one 
generation removed (H/L DNA) would yield one daughter each of H/L 
and H/H DNA. Cells with H/H DNA would of course produce H/H 
DNA during replication. 


The importance of determining the absolute proliferative 
activity of lymphocyte cultures lies partly in the need for 
quantitative assays in studying the effects of macrophages 
and soluble factors. In our studies of such effects in thymocyte 
system (11, 12), it has become clear that simply reporting a 
“stimulation index”’ is often of little value in estimating the 
strength of a given effect since basal levels of proliferative 
activity can vary widely. Moreover, it is important to know 
how much of a given activity is elicited in determining 
conditions or cells which produce it. 

Another objective of this work was to determine cell cycle 
kinetics without resorting to agents such as colchicine, which 
can cause artifacts (21, 22), perturbing the cells. Contrary to 
results obtained with human peripheral lymphocytes, where 
re-stimulation was necessary to induce cells to go from S phase 


) to subsequent S phase (13), thymocytes complete this cycle in 


the absence of Con A, once stimulation is effected. From the 
results of Table I and II, it appears that the effect of leaving 
Con A in the culture is to bring more and more cells into the 
response. Some cells are apparently giving an initial response 
throughout the first 50 hr or so of culture. This is also implicitly 
evident from the change in DNA synthesis rates (11). The rate 
of TdR uptake increases by about 6-fold between 24 and 50 hr. 
With an average cell cycle time of 12.5 hr and a growth fraction 
of two-thirds, the result of a synchronized turn-on at 24 hr 
would be only a 1.8-fold increase in numbers of proliferating 
cells by 50 hr. The difference, it seems necessary to hypothe- 


/$ize, is due to non-synchrony in turn-on time, some cells enter- 


ing the proliferation cycle much later than others. 
Heterogeneity of response has been proposed by Gunther et 

al. (23) for Con A-stimulated human peripheral blood lympho- 

_cytes. In that case, all of the cells able to respond appeared to 
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be committed, and thus no longer requiring Con A, by 20 hr. 
Similar results have been reported for rat lymph node cells 
evan 

The data and interpretations presented here and in other 
work (11) suggest that thymocytes include a heterogeneous 
population of lymphocytes. One fraction (about 10%) actively 
proliferates at the outset of culturing, and is mitogen inde- 
pendent. These may be the cells active in vivo (4, 5). 
Subsequently, beginning at 24 hr, various subpopulations be- 
gin to proliferate and then die. The recruitment requires both a 
thymus-derived costimulator (11) and the mitogen, at least 
during the first cycle. Subsequent cycles are mitogen inde- 
pendent. About one-third of the pulse-labeled DNA at 56 hr 
was of hybrid density when cells had been growing in BrUdR 
continuously (Table II). One model explaining these data is 
that, on the average, the active population at 56 hr was passing 
through S phase for the second or third time (two passages 
would produce 1:2 H to L DNA, three passages, 1:4). 

The cell cycle time of Con A-stimulated thymocytes in 
culture, about 12 or 13 hr, is greater than the 6.8 to 8.2 hr 
estimated by Metcalf for thymocytes in vivo (24). Antigen- 
responsive (25) and PHA-stimulated (26) lymphocytes have 
been shown to have cell cycle times of 13 and 14 hr, respec- 
tively. 
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PROLIFERATION OF MURINE THYMIC LYMPHOCYTES IN VITRO IS 
MEDIATED BY THE CONCANAVALIN A-INDUCED RELEASE OF A 
LYMPHOKINE (COSTIMULATOR)' 


VERNER PAETKAU,? GORDON MILLS,? STANLEY GERHART,‘ anp VICKY MONTICONE 


From the Department of Biochemistry, University of Alberta, Edmonton, Alberta, T6G 2H7, Canada 


Mitogen-induced proliferation of lymphocytes may in 
theory result directly from the interaction of mitogen with 
the cells, or indirectly as a result of the mitogen-stimulated 
release of lymphokines. In the case of murine thymic 
lymphocytes exposed to concanavalin A (Con A) in tissue 
culture, we have determined that mitogenesis depends upon 
a lymphokine. Interaction of the thymic lymphocytes with 
lectin is necessary, but not sufficient, for mitogenesis. A 
lymphokine, or costimulator for mitogenesis, is released by 
normal spleen or thymus cells during the first 16 hr of their 
exposure to Con A, and in the presence of a phytomitogen 
it stimulates thymic mitogenesis. Under conditions of low 
costimulator levels, no mitogenesis follows the interaction 
of Con A with cells. The response of adult CBA/J mouse 
thymocytes to phytohemmaglutinin (PHA) is very low, 
compared to their response to Con A. When costimulator 
is added to PHA, the cells respond as well as they do to Con 
A. Costimulator does not act through Con A-binding sites 
on thymus cells. Its production is dependent on both cells 
carrying @ surface antigen (T lymphocytes) and adherent 
cells of the macrophage-monocyte series. The adherent 
population, but not the T cells, may be heavily irradiated 
without affecting production of costimulator. Costimulator 
is not a mitogen on its own. 


The proliferation of lymphocytes in response to phytomito- 
gens is often taken as a model for the proliferative aspect of 
immune responses. This model appears now to be fairly 
complex. Among its complexities are the interactions between 
distinguishable type of cells, both synergistic and antagonistic, 
and the presence of cell-produced lymphokines, which can also 
be either stimulatory or inhibitory. Stimulatory factors have 
been reported to arise in a large number of lymphocyte 
systems. Human peripheral lymphocytes (1, 2) guinea pig 
lymph node cells (3), and mouse peritoneal exudate cells (4) 
have been found to produce various stimulatory lymphokines. 
Both lymphocytes (5) and cells of the macrophage-monocyte 
series (2, 6, 7) have been implicated as the source of such 
materials. Many of the reported factors are apparently mito- 
genic in themselves (2, 3, 5, 7, 8), whereas others potentiate 
mitogenic agents (4, 9, 10). 
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Mouse thymocytes differ from other commonly-used sources 
of lymphocytes (spleen, lymph node, and blood leukocytes) in 
containing relatively few B lymphocytes or cells of the macro- 
phage-monocyte series. About 15% of thymic lymphocytes 
proliferate in vivo, and a similar fraction can be stimulated to 
proliferate by concanavalin A (Con A) in vitro (11). The 
proliferating subpopulation in vitro has a growth fraction of 
about two-thirds and an average cell cycle time of 12.5 hr. (11). 
After about 72 hr in culture, proliferation stops and quiescence 
sets in. In a subsequent paper, we describe the requirement for 
macrophage cells in both the initial response and in reversing 
the quiescent state (12). In this paper, we describe a cellularly- 
produced factor, released in response to mitogenic stimulation, 
which is necessary for thymic lymphocyte mitogenesis. It 
differs from most lymphokines in being non-mitogenic, but is 
essential for lectin-induced mitogenesis in this system. For this 
reason, we refer to it as a costimulator of mitogenesis. 


METHODS 


Anti-6 ascitic fluid. This was prepared in AKR/J mice by 
repeated weekly injections of CBA/J thymocytes, as described 
elsewhere (13). Spleen cells (1.8 x 107 in 1 ml) were treated 
with 1:5 diluted anti-@ fluid, followed by agarose-absorbed 
guinea pig complement (13). About 30% of the initial cells were 
removed by anti-# plus complement. 

Gamma irradiation. This was done in a '3’Cs source. The 
dose was 2500 rads, sufficient to diminish *H-TdR uptake of 
the irradiated cells to less than 5% of control values. 

Depletion of macrophages, and other materials and methods 
were as described elsewhere (11, 12). 


RESULTS 


The effect of decreasing the cell/volume ratio. Thymic 
lymphocytes, cultured with Con A, respond by synthesizing 
DNA for a limited time. There is an initial, declining, 
mitogen-independent phase of DNA synthesis (14) (Fig. 1) 
followed by a rapid rise in the rate of DNA synthesis. To 
determine whether ‘‘medium conditioning” played an impor- 
tant role in the response, cultures were set up in tubes with 4 = 
10° cells each and variable total volumes of medium (Fig. 1). At 
very low cell to volume ratios there was essentially no stimula- 
tion of mitogenesis by Con A. Increasing this ratio had two 
effects; i) the level of stimulation increased, and, ii) the 
maximum stimulation occurred earlier. These data suggested 
that contact with mitogen alone by thymocytes was inadequate 
for stimulation, and that cells were strongly stimulated only in 
conditioned medium. This conclusion was further supported 
by “double chamber” cultures (data not shown), in which cells 
in small inner tubes immersed in a relatively large volume of 
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medium (overall cell to volume ratio 0.5 x 10°/ml) were only 
poorly stimulated by mitogen. Adding celis to the outer 
chamber to increase the overall ratio to 2 x 10’/m] caused the 
cells in the inner tube to respond 2.3 times as well. Thus, a 
diffusible material other than Con A is important to the 
mitogenic response of thymocytes (“‘costimulator’’). 

Demonstration of a soluble costimulator. A direct test of the 
putative, diffusible costimulator was performed as follows. 
Cultures at a high cell to volume ratio (8 x 10°/ml) were 
harvested at various times, and the medium was transferred to 
fresh cell cultures where the ratio was 1.0 x 10°/ml. As shown 
in Figure 2, the high density culture supernatant removed at 16 
or 24 hr demonstrated a strong costimulator activity, as 
assayed on low density cells. When transferred at 72 hr, the 
high density culture medium was no longer stimulatory. This 
has important implications for the interpretation of the experi- 
ments (see Discussion). A similar experiment (data not shown) 
showed that the costimulator activity was much lower at 6 hr 
than at 12 hr. The test cells were higher in their response at 
66.5 hr than at 41.5 hr when costimulator generated by 16- 
or 24-hr first-stage cultures was present. The first-stage cul- 
tures, on the other hand, had exhausted the costimulator by 48 
hr and were quiescent by 72 hr, presumably because at the high 
cell density costimulator was inactivated more rapidly. 

Production of costimulator by thymus and spleen cells. 
Medium taken from either spleen or thymus cells cultured at 
high cell to volume ratios with Con A present contained 
costimulator activity. Con A was essential for costimulator 
production (Table I). Production, or release, of costimulator 
was over by 17 hr of primary culture. In subsequent work, 
spleen cells have been found to produce higher levels of 
costimulator than thymus cells, as shown by dilution of the 
medium (work in progress). For the routine production of 
costimulator (cf., Table III), medium from spleen cells cultures 
containing from 8 to 20 million cells/ml was used at 3- to 40- 
fold dilution. 

Production of costimulator requires both T lymphocytes and 
macrophages. A concentrated suspension of normal spleen cells 
in Con A-containing medium was used to generate costimula- 
tor, which was assayed (after 12-fold dilution) on fresh, dilute 
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Figure 1. Effect of the cell/volume ratio on thymocyte stimulation 
by Con A. Thymocytes, 4 x 10° per culture in round-bottomed glass 
tubes, were cultured with 7.5 ug/ml of Con A, and various volumes of 
medium. Cell:volume ratios: O, 0.5 x 10°/ml; @, 1 x 108/ml; A, 2 x 
10°/ml; A, 4 x 10°/ml: M, 8 x 10°/ml. 
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Figure 2. Assay for costimulator activity. Thymocytes were cultured 
in 6 ug/ml Con A at 8 x 10° cells/ml for the times indicated on the 
abscissa. The culture supernatants were obtained by centrifugation, 
and frozen. The thawed media were then used to prepare cultures of 
fresh thymocytes at 1.0 x 10°/ml. The second stage cultures were 
assayed for thymidine uptake at 41.5 hr (@), and 66.5 hr (A). The 
activity of the first-stage or medium-conditioning cultures is shown by 
@. Medium containing Con A was also frozen. thawed, and used as a 
control. The control values are shown at 0 hr on the abscissa. 


TABLE |] 
Production of costimulator 
Culture Supernatant from Activity 
17 hr thymocytes + Con A 19.6 
17 hr thymocytes — Con A 1.6 
17 hr spleen cells + Con A 18.2 
17 hr spleen cells — Con A 0.6 
17 hr medium + ConA 0.8 
17 hr medium — ConA 0.6 
30 hr thymocytes + ConA 1.0 
30 hr thymocytes — ConA 0.2 
30 hr spleen cells + Con A 5.4 
30 hr spleen cells — ConA 0.8 
30 hr medium + Con A 1.0 
30 hr medium — Con A 0.6 
Fresh medium + Con A 0.4 


Culture supernatants were removed after 17 hr of incubating 8 « 10° 
cells/ml, as indicated. The cells were resuspended with fresh medium 
and cultured a further 13 hr to produce the 30-hr supernatants, which 
thus contain material elaborated by the cell culture between 17 and 30 
hr. The culture supernatants were made up to 6 ug Con A/ml as 
required, and added to fresh thymocytes, at 0.5 x 108/ml, neat. 
Thymidine uptake rate (pmol/10® cells/hr) was measured at 73 hr of 
these secondary cultures as costimulator activity. 
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TABLE II 
Production of costimulator by irradiated or anti-6 treated spleen cells 
Source of Costimulator Activity 
1. None 2 
2. Normal spleen cells 64 
3. Complement-treated spleen cells 69 
4. Anti-6-plus-complement-treated spleen cells 5.0 
5. Irradiated spleen cells 8.8 


The amount of costimulator produced by various cell populations 
was determined by adding the cenditioned medium, diluted 1:12 with 
normal medium, to fresh cultures of dilute thymocytes (0.5 x 10°/ml). 
Under these conditions (line 1) thymocytes give a poor response due to 
lack of costimulator (see Fig. 1). Con A was at 6 ug/ml in the 
costimulator-generating cultures, and at 3 ug/ml in the thymocyte 
assay cultures. Anti-@ treatment and irradiation (Methods) were done 
just before initiating the costimulator-generating cultures, which were 
incubated for 27 hr before harvesting the medium. Each milliliter of 
costimulator-generating culture contained the surviving cells from 12 
x 10° spleen cells. The assay cultures of dilute thymocytes were 
incubated 72 hr. Activity of the assay cultures was measured as in 
Table I. 


thymocytes. The production of costimulator was reduced by 
more than 94% after treatment with anti-? serum plus comple- 
ment (Table II). Irradiation of the spleen cells immediately be- 
fore culturing them with Con A reduced the production by more 
than 90%. The apparent inhibitory effects of anti-6 serum and 
irradiation are likely to be underestimates, since at the level of 
costimulator produced, the system (fresh thymocytes) gave a 
very strong response, and was probably saturated with costimu- 
lator. At 65 pmole/hr/10® cells, 34% of the thymocytes are re- 
sponding (11), which is higher than seen in untreated, opti- 
mal, cultures. 

A direct synergistic effect between radiation-resistant spleen 
cells, presumably M¢, and M¢-depleted thymocytes, is shown 
in Table III]. Medium taken from either normal thymocytes, 
M¢-depleted thymocytes, or heavily irradiated spleen cells all 
contained very low titers of costimulator, as assayed on dilute, 
fresh thymocytes. Mixing splenic M@ with M¢-depleted thy- 
| mocytes induced the production of high levels of costimulator. 
Similar results, not shown, were obtained with spleen cells as 
the source of both M¢ and M@¢-depleted cells. In that case, as 
_ expected, depletion of M@ was less complete, and the synergy 
was less marked (4- to 5-fold) than in the case of depleted 
/ thymocytes. The relative amounts of costimulator produced by 
| spleen and thymus cells is illustrated by the data of Tables II 
| and III. As already indicated, normal spleen cells are a more 
| productive source. 
| Costimulator requires a lectin to induce proliferation. Since 
| Con A was essential to induce the release of costimulator, it 
| was not possible to determine directly whether crude prepara- 
| tions of costimulator could induce mitogenesis in the absence 
) of the lectin. Dilution experiments suggested that much lower 
| levels of Con A could support costimulator-mediated mito- 
| genesis than were normally used. It was possible, nevertheless, 
} that either the lower levels of Con A were still required, or that 
| an altered form of Con A, perhaps analogous to dimeric Con A 
| (15), was responsible for costimulator activity. The mitogenic 
| activity of crude costimulator preparations was blocked by 
| the addition of 0.1 M MAG, a specific inhibitor of Con A-me- 
diated mitogenesis (16, 17). Thus, either costimulator is an al- 
tered form of Con A which effects mitogenesis in an MAG-sen- 
| sitive way, or there is a separate requirement for a lectin, as well 
jas for costimulator. The second mechanism is shown to be cor- 
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rect by the following experiments, described in Table IV. First, 
PHA was found to be very poorly mitogenic and MAG had no 
effect on this (lines 1 and 2). Costimulator, in the presence of 1 
ug/ml Con A carried over from the initial culture, induced a 
moderate rate of proliferation, but this was almost completely 
blocked by 0.1 M MAG (lines 3 and 4). However, in the 
presence of costimulator and MAG, low levels of PHA now 
induced strong proliferative activity. Thus, PHA, which is 
poorly mitogenic alone, can nevertheless supply a necessary 
component of mitogenesis, this component being missing when 
the residual Con A in crude costimulator preparations is 
neutralized by MAG. Clearly, costimulator activity resides in a 
molecule other than Con A, and costimulator is not in itself 
mitogenic. 

Effect of cell contact. To see if cell contact stimulated 
mitogenesis, cultures were set up in flat-bottomed glass vials, 
at a constant cell to volume ratio and varying cell number (and 
volume). The results (Fig. 3) indicate that at an optimal cell to 
surface area ratio, stimulation is earlier than at lower ratios. As 
discussed below, these data can be interpreted as demonstrat- 
ing either the importance of cell-cell contact for stimulation, or 


TABLE II 
Synergy of thymic lymphocytes and splenic macrophages in 
costimulator production 


Source of Costimulator Activity 
1. None (background) 0.8 
2. Normal thymocytes ile 
3. Md-depleted thymocytes 0.6 
4. Splenic M@¢ (irradiated) DD 
5. M¢-depleted thymocytes + splenic M@ 8.1 
6. 5/(4 + 3) (— background) 6.1 


Various costimulator-containing media were generated by culturing 
the cells indicated for 18 hr, diluted 1:6 with normal medium, and 
assayed on fresh, dilute thymocytes (0.5 x 108/ml). Con A levels were 
as in Table II. Normal thymocytes (line 2) were cultured at 12 x 
10°/ml, as were M¢-depleted thymocytes. M@ depletion was by the 
carbonyl iron technique (12). Splenic macrophages were prepared by 
irradiation, followed by overnight culturing. The cells surviving from 
12 x 10® starting spleen cells were added to each milliliter of the 
generating cultures in lines 4 and 5. Thymocyte assay cultures were 
assayed at 101 hr, and the DNA synthetic activity was measured as in 
Table I. Line 6 expresses the stimulation observed by mixing M¢ with 
lymphocytes (line 5) relative to the separate cell types (lines 3 and 4). 


TABLE IV 
Separate requirements for lectin and costimulator 
Activity 
Additions to Thymocyte Culture 
72 hr 91 hr 
(1) PHA, 1:200-1:25 1.1-2.6 1.7-2.2 
(2) PHA, 1:200-1:25; MAG 0.8-1.7 0.8-1.6 
(3) Costimulator, 1:6 18.9 42.6 
(4) Costimulator, 1:6; MAG 3.9 ee 
(5) Costimulator, 1:6; MAG; PHA, 1:200 89 136 


Fresh thymocytes were cultured at 0.5 x 10° cells/ml, and assayed 
for thymidine uptake rate at 72 and 91 hr. When present, MAG was at 
0.1 M. Costimulator was produced in cultures of 16 x 10° spleen 
cells/ml] incubated for 17 hr with 6 ug/ml Con A, and contributed 1 
ug/ml Con A to the experimental cultures as used (diluted 1:6). Used 
by itself, PHA was poorly mitogenic over the dilution range given, the 
optimal value being 1:50-1:25. Used with costimulator, the optimal 
PHA dilution was 1:200. 
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Figure 3. Effect of cell-to-surface area ratio on stimulation. Thymo- 
cytes were cultured at 2 x 10°/ml in 7.5 ug/ml Con A in flat bottomed 
vials. The added cells produced the following densities; @, 0.5 x 
10°/em?; A, 1 x 10°/cm?; Mi, 2.5 x 10°/cem?; A, 5 x 10°/em?. 
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the limited diffusion of a soluble costimulator. At a cell density 
of 2.5 x 108/cm?, the cells, of diameter 6.3 u, could form an 
average layer exactly one cell thick. 


DISCUSSION 


The most important result is the demonstration that pri- 
mary thymocyte cultures are stimulated to synthesize DNA 
only if sufficient costimulator is present. Con A in itself is 
unable to induce mitogenesis at low cell concentrations. Since 
the cultures in Figure 1 contained identical numbers of cells, 
which could be seen to form comparable pellets on the rounded 
bottoms of the culture tubes, cell losses due to low numbers 
were obviated, and the lack thymidine uptake at low cell to 
volume ratios reflects lack of stimulation by Con A. The 
experiment of Figure 2 shows this more directly, in that 
medium from high density cultures will provide the costimula- 
tor. In principle, the conditioning effects of high density 
cultures could be due to removal of an inhibitory component of 
normal medium, or to secretion of a costimulator for mitogene- 
sis. The stimulatory effect is transient at high cell densities 
(see Fig. 2). If the first mechanism were operative, it is unlikely 
that the removed inhibitor would reappear. Further, the 
costimulator activity is temperature sensitive (work in prog- 
ress), arguing for a positive effector, rather than removal of a 
negative one. Finally, the high dilution at which costimulator 
preparations from cultured spleen cells are active (as high as 
40-fold dilution with normal medium) indicates that a positive 
effector is present. 

The costimulator activity generated at high cell densities 
and added to low density cultures allows the latter to continue 
DNA synthesis for a longer time than would the culture from 
which the costimulator was derived (Figs. 1, 2). The results may 
show that costimulator is used up at a rate dependent on the 
number of cells responding. 

Several other costimulators, or potentiators, have been 
described. Human peripheral blood leukocytes potentiate their 
own response to PPD (18). A stimulating factor, specific for 
autologous lymphocytes, enhances mitogen or mixed lym- 
phocyte responses (1). The effect of low cell density, delaying 
the PHA response of peripheral leukocytes (19), may have a 
similar origin. The level of thymic costimulator observed in our 
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work is at least partly related to the time course of prolifera- 
tion. That is, it is present at a time when cells are being 
recruited into the proliferative response, and declines before 
maximal stimulation occurs (Fig. 2). This supports the hypoth- 
esis that costimulator is essential for mitogenesis. Additional 
suggestive evidence for this is that spleen cultures, which yield 
higher titers of costimulator than do thymus cultures, are 
affected only marginally by dilution of cells (data not shown). 
However, although costimulator can be demonstrated to be 
essential for mitogenesis of thymus cell cultures, it is in itself 
insufficient; a lectin is also required. This requirement can be 
met by PHA, which by itself is a poor mitogen for these cells. 
Thus, there is a synergistic effect between added costimulator 
and PHA under conditions where residual Con A in the 
costimulator preparations is neutralized by methyl-a-glucoside 
(16, 17). 

The cellular source of costimulator cannot yet be identified. 
Both macrophages and T lymphocytes (@ positive) are required 
for optimal production (Tables II and III). Data of other 
laboratories have been interpreted to show that either M@ (2, 6, 
7) or lymphocytes (5), produce lymphokines similar to co- 
stimulator (see Introduction). We urge caution in making firm 
conclusions for two reasons. First, it is difficult to prove that 
any cell population is ‘pure’. Second, it is important to 
attempt quantitative assessments on the levels of lymphokines 
produced under various conditions. Thus, in Tables II and II, 
it is clear that significant levels of costimulator are produced 
by irradiated splenic M@, but it is also apparent that much 
higher levels are produced by the combinition of M@ with 
é-bearing lymphocytes. 

Two properties of our costimulator differentiate it from most 
other reports. It is not a mitogen on its own, and it can easily be 
produced in large amounts. Its lack of mitogenic activity has 
been confirmed by partly purifying high-titer preparations of 
costimulator. Partially purified costimulator from which Con A 
has been removed by chromatography over Sephadex G-25 has 
no mitogenic activity, yet acts as a costimulator for the Con 
A-induced mitogenesis of thymocytes (work in progress). 

The apparently stimulatory effects of optimal cell/bottom 
surface area (Fig. 3) may be due to a cell-cell physical interac- 
tion. On the other hand, limited diffusion of costimulator might 
produce the same results (20). 

There is an intriguing parallel between the costimulator 
results and the mechanism of antigenic stimulation of lympho- 
cytes. T cells appear to stimulate antigen-triggered B cells by 
specific and also nonspecific humoral factors. Also, the T cell 
mitogen Con A becomes mitogenic toward B cells in the 
presence of soluble factors produced by Con A-stimulated T 
cells (9). Our data indicate that the thymocyte subpopulation 
responsive to Con A requires a cell-produced costimulator to 
complete the stimulation signal. 
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The thymie lymphocytes of CBA/J mice respond to the 
mitogen Concanavalin A (Con A) only in the presence of 
adherent cells of the monocyte-macrophage series. Deple- 
tion of adherent cells abrogates the response, and macro- 
phage-rich populations of cells restore it. The need for 
macrophages and mitogen is completely provided by irradi- 
ated splenic macrophages which have been exposed to Con 
A and washed free of the soluble mitogen. The mitogen- 
macrophage effect in this case is apparently not due to 
soluble factors. 

Even more striking than the effect of macrophages on 
fresh cultures of thymic lymphocytes is their ability to 
restimulate quiescent cells 72 hr after their first stimula- 
tion with Con A. The quiescent cells respond immediately 
and quantitatively to Con A in the presence of fresh 
macrophages. This stimulation, like that of fresh thymo- 
cytes, is alse controlled by a lymphokine (‘‘costimulator’’) 
produced by mixing macrophages, mitogen, and T lympho- 
cytes. 

Our data suggest a model in which two signals are 
required for mitogenesis. First, the interaction of macro- 
phage, T cell, and mitogen elicits a soluble costimulator, 
which is itself not mitogenic. Secondly, in the presence of 
costimulater, the mitogen (either soluble, or, more effici- 
ently, bound to macrophages) induces a proliferative re- 
sponse in the T cell. 


Macrophages (M¢)‘ play an essential role in the induction of 
both humoral (1, 2) and cell-mediated (3) immunity. It has 
been less obvious that they are also required for mitogen- 
induced proliferative responses of lymphocytes. However, sev- 
eral studies support such a requirement; human peripheral 
lymphocytes (4) and guinea pig lymph node lymphocytes (5) 
do not respond to mitogens if they are depleted of adherent 
cells, and the response is restored by adding back M¢-enriched 
cell populations. These results are somewhat at odds with other 
data suggesting little dependence on M¢ (6). 

We have found that stimulation of mouse thymocytes is 
dependent on both a cell-produced costimulatory factor and a 
lectin (7). The costimulator is produced by the combination of 
Con A, T cells, and M¢. The M@, but not the lymphocytes, can 
be heavily irradiated without affecting production of the 
costimulator. From these results one should expect to find that 
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the M¢ is essential to Con-A-induced mitogenesis of thymic 
lymphocytes. The present work will show this to be the case. 

It is commonly observed that mitogen-stimulated lympho- 
cytes undergo a limited phase of proliferation, and then 
become quiescent. During the quiescence of mouse thymocytes 
initially stimulated with Con A, we observed that the quies- 
cence was not reversed by replacing the culture medium with 
fresh medium, nor was it due to cell death, the quiescent cells 
remaining viable for some time after DNA synthesis declined. 
In this paper, we describe how the quiescent cells can be 
stimulated to renewed activity, immediately and quantita- 
tively, by added M¢. Both the initial requirement for M¢, and 
their ability to restimulate quiescent thymocytes, are at least 
partly replaceable by the factor we have called costimulator. 

The role of M¢ in the immune response has been proposed to 
include antigen ‘‘presentation” (8) and “processing” (1). A 
few studies have demonstrated that mitogen bound to, or 
carried internally by, M¢ is an efficient stimulus to lympho- 
cytes (9, 5). The present studies show this to be true for mouse 
thymic lymphocytes as well. 


METHODS 


Purification of viable lymphocytes. This was achieved by 
layering cells over Ficoll-metrizoate (‘Lymphoprep’, Nyegaard 
and Co, Oslo, Norway) according to the method of Boyum (10). 
This technique removes nonviable cells, which sediment to the 
bottom. 

Macrophage depletion. This was achieved by incubating 
cells (ca. 3 x 10’) with carbonyl iron (0.6 g), and removing 
adherent cells with a strong magnet (2). The yield of viable 
cells was approximately 50%. 

Costimulator for mitogenesis (7) was obtained by incubating 
16 x 10° spleen cells/ml for 24 hr with 1 ug/ml Con A in 
medium lacking fetal calf serum. The cell-free supernatant was 
concentrated 8-fold by freeze-drying, dialyzed against 0.01 M 
Tris (Cl~) —0.02 M NaCl, pH 8.0, and sterilized by filtration. 

Other materials and methods were as described earlier (7, 
1a): 


RESULTS 


Macrophage dependence of the initial Con A response. Con 
A-stimulated CBA/J mouse thymocytes undergo a phase of 
limited DNA synthesis (7). After thymocytes were treated with 
carbonyl iron to remove adherent cells, they no longer gave a 
significant response ( < 7%) to Con A (Fig. 1). When 5 x 10‘ 
irradiated, M@¢-enriched spleen cells were added to 2 x 10° 
M®@-depleted thymocytes, the DNA synthesis rate was 8 times 
as high as that of untreated thymocytes. Md@-depleted spleen 
cells did not reconstitute the depleted thymocytes. Thus, 
adherent cells of the monocyte-macrophage type are necessary 
for mitogenesis induced by Con A. For the purposes of this 
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Figure 4. Determination of responding and stimulating cells. Com- 
binations of harvested, Con A-stimulated, 72-hr-old cells and fresh 
thymus cells were mixed as indicated. Cells marked with y were 
irradiated with a '87Cs source (2500 rad) before mixing. The types of 
cells indicated on the abscissa were added to tubes at 1.7 x 10°/ml. 
Cells were cultured in 2 ml of Con A medium, and harvested at 16 hr. 
The rate of DNA synthesis is expressed as pmole *H-TdR incorporated/ 
hr/culture. 


and these produced only a 1.4-fold increase in DNA synthesis 
of 72-hr thymocytes. Depletion of adherent cells from the 
spleen led to loss of stimulation by the surviving cells (data not 
shown). 

Taken together, the properties of stimulating spleen cells 
(adherence, enhancement by 2-mercaptoethanol, radiation 
resistance) indicate that they are probably M@. 

Effect of cell to volume ratio on the stimulation of quiescent 
thymocytes by fresh cells. A soluble factor, called costimulator, 
is necessary for the initial Con A-induced response of thymo- 
cytes (7). Therefore, we determined if soluble, diffusible factors 
modified the restimulation of quiescent cells. When fixed 
numbers of quiescent (5 x 10°) and fresh, irradiated (10 x 10°) 
thymocytes were cultured in varying volumes of medium, the 
TdR uptake was maximized at 5 x 10° fresh cells/ml (Fig. 6). 
With higher cell concentrations, DNA synthesis may have been 
limited by medium depletion. The effect of diluting cells in this 
experiment, namely, a lower response, was probably due to 
dilution of costimulator, as further discussed below. 

Stimulation of quiescent thymocytes by costimulator and 
mitogen. The stimulating effect of fresh, irradiated (M¢) cells 
on quiescent thymocytes depended on the mitogen, Con A, 
being present (data not shown). Costimulator preparations 
containing negligible levels of Con A (Methods) were not 
directly stimulatory toward quiescent thymocytes. Thus, 
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72-hr, quiescent cells, exposed to costimulator for the followe 
ing 72 hr, gave a response of 5.5 pmole/hr/10° cells. When Con 
A was also present, the response was 46. Con A alone led to a 
rate of only 2.5. This is similar to the lack of direct mitogenic 
activity of costimulator toward fresh thymocytes (7). However, 
with Con A present, costimulator elicited both a DNA synthe- 
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CELLS x10°° 


(6) 10 20 30 40 
TIME (hr) 


Figure 5. Cell proliferation after mixing quiescent thymocytes with 
fresh, irradiated thymocytes. Cells cultured in Con A for 72 hr were 
collected and treated as described (Methods) to remove non-viable 
cells. Viable old cells (6 x 108) were then cultured with 9 x 10° irradi- 
ated macrophage-containing thymocytes in 4 ml of medium with Con 
A. The numbers of viable cells (eosin exclusion), and the total cell 
numbers, were determined at the times indicated. At least 100 viable 
cells were counted (except in the case of irradiated fresh cells alone). 
The corrected total (@) and viable (A) cell counts were obtained by 
taking the counts from old cell-irradiated fresh cell mixtures and 
subtracting the total (O) and viable (M) cells seen in a tube that 
contained only irradiated cells. 


160 


o iS 
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Figure 6. Effect of decreasing cell to volume ratio. Old (quiescent) 
cells (72 hr) were pooled and collected. One-half million of these cells 
were cultured in 2 ml medium (@), or with 10 x 10® irradiated, 
macrophage-containing thymocytes, in 1 ml (A), 2 ml (O), 4 ml (A), 
or 8 ml] (MM) of fresh Con A medium. The cells were harvested at the 
times indicated on the abscissa. The late time of maximal DNA syn- 
thesis (48 hr) is due to the smallness of the number of responding 
(old) cells, and to the effectiveness of stimulation by the large number 
of fresh, irradiated cells. 
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TABLE IV 
Response of 72-hr (quiescent) thymocytes to costimulator 
and macrophages* 


ie ; DNA 
Stimulant Added to Relative Cell No. gnthesis rate 
72-hr Cells ay (pmole/hr/10® 
aoRy ihr “cells), 48 hr 
1 ConA O25 0.08 DD 
2. 1/50 costimulator + Con A 4.4 6.3 89 
3. 1/100 costimulator + Con A OE 4.1 45 
4. 1/200 costimulator + Con A 3.0 1.6 17.8 
5. Mod + ConA 5.6 15.5 65 
6. Con A-bearing M¢ (no free Con A) 8.6 5.4 18 


“Tn each case, 5 x 10° viable, 72-hr thymocytes were cultured in 1 
ml. The M@ (line 5) were the surviving cells from 2 x 10® fresh, 
irradiated spleen cells. Con A-bearing M¢ were prepared by incubating 
spleen cells for 4 hr at 37°C with 6 ug/ml Con A, washing two times, 
and irradiating them. The M¢ contributed 1.7 pmole and 0.4 x 10° 
cells, at 48 hr, and 0.1 x 10° cells at 72 hr (determined by culturing 
them separately). The given cell numbers are corrected for this 
contribution, and expressed relative to the starting number of thymo- 
cytes. Con A was present at 3 ug/ml] where indicated. The source of 
costimulator is described in the Methods. Under these conditions, it 
was not mitegenic by itself (see text). 


sis and cell proliferation response (Table IV). Under the 
conditions of this experiment (5 x 10° thymocytes/ml) the 
restimulation was more drawn out than in the experiment of 
Figure 3 (2 x 10° thymocytes/ml) (see Discussion). At a dilution 
of 1:50, added costimulator induced a response comparable to 
that of splenic M¢@. However, added M¢@ sustained the cell 
proliferation response for longer times (a 15.5-fold increase in 
cell number by 72 hr), perhaps by maintaining the viability of 
cells. In short, quiescent thymocytes are restimulated either by 
macrophages plus mitogen, macrophages carrying mitogen, or 
costimulater plus mitogen. Mitogen is essential; with costimu- 
lator provided, the macrophage may not be. 


DISCUSSION 


The data presented here add to the list of lymphocyte 
subpopulations requiring M@ for mitogenesis. Human periph- 
eral leukocytes (4) and guinea pig lymph node cells (5, 12a) 
require M@. In other systems this requirement is either less 
obvious (13), or not apparent at all (6). Possible reasons for this 
variability include the difficulty of removing all M¢ or their 
monocyte precursors, and the variability in M@ requirements 
of different lymphocyte subpopulations, or mitogens, or both. 
In this regard, the T cell-independent antigen, polymerized 
flagellar protein (POL) of Salmonella adelaide appears to 
have a lower, yet significant, M¢@ requirement than does the T 
cell-dependent anti-sheep erythrocyte response (2). In any 
case, a positive result demonstrating M¢ dependence is more 
convincing than negative results suggesting the opposite. 

The role of M@ in mediating thymocyte mitogenesis is 
apparently 2-fold. First, M@ are required (as are §-bearing 
lymphocytes) for the release of costimulator (7). Costimulator, 
in the presence of Con A, may replace M¢ at the subsequent 
step. In the usual case, the M¢ presents Con A to the thymic 
lymphocyte as the second step. Whether the apparent lack of 
Mé¢ requirement in the presence of added costimulator (Ta- 
ble IV) is real or not, is again difficult to prove. However, it is 
apparent that M@-presented Con A provides an efficient 
mitogenic stimulus, either for the initial response or for 
restimulation of quiescent thymocytes. 
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The ease of demonstrating a M¢ requirement by quiescent 
cells lies partly in the depletion of M@ function in such 
cultures. We have observed (unpublished) that splenic M¢ 
function is largely lost by 48 hr in Con A-containing cultures. 
The limiting number of thymic M¢ are more easily depleted 
than are splenic M@, and appear to limit both the initial 
thymocyte response (Fig. 1) and production of costimulator 
(7). In keeping with the above, thymocyte cultures become 
increasingly sensitive to stimulating effect of fresh M@ with 
time in Con A. 

From the magnitude of response in the presence of added 
M@, essentially all of the viable, quiescent thymocytes can be 
stimulated. The nature of the responding population has not 
yet been investigated, but it requires Con A stimulation for the 
first 72 hr to be generated (unpublished). The kinetic course of 
restimulation depends on the numbers of cells present. Specifi- 
cally, small numbers of lymphocytes respond slowly, reaching 
a maximum 48 hr or later after restimulation. This may be due 
to a slow release and buildup of costimulator. The very rapid 
response of concentrated, 72-hr thymocytes to large numbers of 
fresh cells (Fig. 3) suggests that his system may be a useful 
model for the control of lymphocyte proliferation. The usual 
initial response of lymphocytes to mitogens leads to initiation 
of DNA synthesis at 24 hr, and recruitment of cells over a long 
time period (highly heterogeneous response) (11). Furthermore, 
only a fraction of the cells responds. Such responses make it 
difficult to relate early biochemical alterations, like cAMP (14) 
or membrane fluidity (15) changes, to the subsequent prolifera- 
tion. The restimulated quiescent cells provide an alternative 
model in which all the cells respond, and respond immediately. 
Another useful aspect of this work is the ability to produce long 
term cultures of normal thymocytes with the possibility of 
inducing a variety of T cell functions (16). We have had cells 
proliferating for 200 hr and showing no signs of degeneration by 
adding costimulator or M@ periodically. Increases in cell 
number as high as 50-fold have now been achieved. It is rare to 
find net-fold increases in cell numbers after mitogen stimula- 
tion of normal lymphocytes. (A 38-fold increase in PHA- 
stimulated human peripheral lymphocytes in 5 days was 
observed by Jaehning et al. (17).) 

The mechanism whereby M¢ control thymocyte prolifera- 
tion is not entirely clear. We have attempted to culture M¢ and 
depleted thymocytes in divided cultures (sharing the same 
medium), so far without success (G.M., unpublished). This 
suggests that cell-cell contact is important, presumably for 
costimulator production, since once formed, costimulator can 
largely replace M¢. Nevertheless, a number of studies indicate 
that soluble, Md¢-derived factors can replace M@ (5, 18, 19). 
These factors, however, appear to be produced in small 
amounts and are sometimes difficult to demonstrate except in 
double-chamber experiments (5). Furthermore, some appear to 
be mitogenic in themselves (19, 20); costimulator clearly is not 
(7; V.M. unpublished). Thus it would be premature to attempt 
comparisons in detail. Our analysis of the events occurring in 
stimulated thymocytes is clearly limited to this system. Since 
the M¢ appears to have a rapid and early effect, as it is thought 
also to have in antigen responses (21), it is tempting to 
speculate that the primary effect of M¢@ is in fact to control the 
initiation of proliferative responses by lymphocytes. The role of 
costimulator in this process may make it similar to the T 
cell-elaborated factor which enables B cells to respond to Con 
A (22). 

The model suggested by our data is that of two-step activa- 
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